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RESEARCH  SUMMARY 

Interaction  models  for  the  dominant  crown  class  were 
developed  for  estimating  average  height  to  base  of 
crowns  (crown  height)  and  average  crown  length 
(depth)  as  a  function  of  stand  density  and  average 
height  of  dominant  trees  — for  even-aged  lodgepole  pine 
stands  in  Montana,  eastern  Idaho,  western  Wyoming,  and 
northeastern  Utah.  Separate  models  are  presented  for 
two  expressions  of  stand  density  (basal  area,  and  crown 
competition  factor)  to  provide  analysts  an  applicable 
model  for  existing  data  bases  regardless  of  which 
measure  of  stand  density  has  been  used.  Tables  of 
model  solutions  for  representative  classes  of  stand 
density  and  height  are  also  provided,  along  with  a  sup- 
plemental regression  equation  for  estimating  height  and 
depth  of  the  total  canopy  as  a  function  of  average  crown 
height  and  total  tree  height  of  dominant  trees.  Finally, 
suggestions  are  made  for  utilizing  the  models  presented 
in  this  paper  in  computerized  stand  projection  programs. 
An  example  is  given  of  vertical  crown  development  in 
relation  to  other  interactive  stand  parameters  and  how 
these  parameters  can  be  expected  to  vary  under  different 
stand  management  strategies. 
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INTRODUCTION 

Development  of  tree  crowns  and  stand  canopies  is  of 
interest  to  several  forestry  disciplines.  Mensurationists 
are  interested  in  it  in  relation  to  the  amount  and  distribu- 
tion of  growth  among  bolewood,  branchwood.  and  foliage 
of  trees  and  stands.  Hydrologists  and  snow  scientists 
want  to  know  how  it  relates  to  the  reception  and  flux  of 
moisture  within  the  aerial  and  subsurface  environments 
of  stands.  Silviculturists  are  interested  in  it  as  a  process 
associated  with  the  differentiation  of  stands  into  social 
strata  and  size  distributions,  such  as  height  and  diameter 
distributions,  that  can  be  manipulated  by  cultural  prac- 
tices to  affect  crown  development  and  size  distributions 
within  the  future  stand.  Similarly,  wildlife  and  fist 
biologists  are  interested  in  how  crown  and  canopy  char- 
acteristics directly  or  indirectly  influence  fish  and 
wildlife. 

Although  most  of  these  interests  are  relevant  to  all 
forest  cover  types  (Society  of  American  Foresters  1980), 
our  interest  here  is  a  single  species— lodgepole  pine 
(Pinus  contorts  var.  latifolia)— and  the  lodgepole  pine 
cover  type  where  it  occurs  primarily  as  pure  even-aged 
stands.  Within  this  context,  it  is  recognized  that  stand 
density,  age.  and  site  quality  are  major  variables  influ- 
encing canopy  variation  among  stands. 

However,  the  vertical  development  of  crowns  in 
relation  to  stand  density  and  age  has  not  been  ade- 
quately described  for  lodgepole  pine  (Gary  1978).  We 
believe  this  is  partly  because  most  attention  to  crown 
development  (regardless  of  species)  has  focused  on 
crown  length.  Although  an  important  parameter,  crown 
length  in  a  majority  of  past  work  has  beer,  conv 
from  an  absolute  measurement  unit  to  crown  ratio,  a 
dimensionless  relative  value,  which  expresses  crown 
length  as  a  fraction  or  percentage  of  total  tree  height.  In 
addition  to  obscuring  dimensional  relationships  and  our 
ability  to  associate  them,  the  expression  of  crown  length 
as  a  ratio  also  masks  another  important  facet  of  crown 
development— crown  position.  Because  both  crown 
depth  (length)  and  position  relative  to  the  ground  are 
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Figure  1.— Geographic  distribution  of 
sample  plots. 

Regression  screening  of  the  simple  additive  effects  of 
basal  area  (BA),  crown  competition  factor  (CCF)  (Krajicek 
and  others  1961),  average  height  of  dominants  (HD), 
average  d.b.h.  of  dominants  (DD),  stand  age  (A),  and 
various  transforms  and  interactions  of  each,  on  average 
height  to  the  base  of  the  crown  of  dominants  (HBCD) 
revealed  reasonably  strong,  statistically  significant 
(p  =  0.05)  relationships  in  HBCD  =  f(BA,HD)  and 
HBCD  =  f(CCF,HD).  A  weaker  but  still  significant  rela- 
tionship was  also  noted  for  HBCD  =  f(A,BA). 

Because  this  relationship  involved  age  measured  at 
breast  height  (A),  its  use  necessitates  a  conversion  to  a 
corresponding  total  stand  age  to  allow  use  with  stand 
growth  projection  programs  that  project  total  stand  age. 
For  this  reason,  and  the  fact  that  the  relationship  was 
weaker,  we  did  not  pursue  this  model.  Having  established 
that  the  relatively  simple  effects  and  interactions  for  BA, 
CCF,  and  HD  were  significant  contributions  to  change  in 
HBCD.  potentially  more  sensitive  hypotheses  involving 
these  variables  were  developed.  The  sources  of 
information  for  the  above  were  rough  expectations,  plus 
finite  estimates  of  interaction  developed  with  half  of  the 
data  (randomly  selected)  using  the  methods  of  Jensen 
(1973,  1976,  1979).  The  basis  for  expectations  and  the 
curve  forms  postulated  are  as  follows: 

In  an  even-aged  stand  of  lodgepole  pine,  HBCD  is 
expected  to  increase  sigmoidally  upward  from 
zero  as  stand  age  and  density  increases. 


Stand  Density 


Among  stands  of  the  same  age  and  site  quality, 
branches  near  the  ground  on  open-grown  trees  are 
not  shaded  out  of  existence  as  they  are  in  more 
dense  stands  where  trees  are  competing  for  light. 
Thus,  at  some  low  to  medium  density  level,  shad- 
ing and  HBCD  should  both  begin  to  increase  more 
rapidly,  finally  reaching  asymtotes  at  high 
densities.  Among  stands  of  the  same  age  and 
basal  area  (where  density  is  high  enough  that  trees 
are  competing  for  light),  differences  in  site  quality 
can  be  expected  to  generate  differences  in  mean 
dominant  tree  heights  (HD).  Because  added  stand 
height  increases  the  depth  of  shade  in  the  stand, 
the  postulated  sigmoidal  effect  of  stand  density 
on  HBCD  is  expected  to  rise  in  a  linear  or  perhaps 
relatively  flat  exponential  fashion,  with  increasing 
HD. 
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Stand  Density 


This  major  effect  may  be  offset  somewhat  by  the 
tendency  for  dominant  trees  on  better  sites  to 
maintain  lower  crown  branches  longer  than  their 
counterparts  on  poorer  sites,  all  other  factors 
being  equal. 

The  above  model  was  described  mathematically  and 
fitted  with  least  squares  to  the  remaining  half  of  the 
data.  It  was  found  by  analyses  of  the  residuals  to  be  an 
effective  predictor  of  that  subset  of  the  data.  Assuming 
that  a  model  developed  with  the  same  methods  on  the 
entire  data  set  would  possess  more  stable  parameters,  a 
final  model  was  developed  with  the  combined  data  for 
each  of  two  alternative  expressions  of  stand  density- 
basal  area  (BA)  and  crown  competition  factor  (CCF) 
(Alexander  and  others  1967).  Separate  models  were 
developed  for  these  two  common  expressions  of  lodge- 
pole  pine  stand  density  to  allow  crown  depth  and  posi- 
tion estimates  to  be  made  regardless  of  whether  density 
is  expressed  as  BA  or  CCF  in  the  data  base,  or  one  form 
or  the  other  is  preferred  by  the  analyst. 


RESULTS  AND  DISCUSSION 
Applicable  Units  of  Measure 

All  the  mathematical  expressions  in  this  paper  were 
developed  in  English  units  of  measure;  therefore,  their 
parameters  are  applicable  and  their  solutions  are  correct 
only  with  the  specified  units  of  the  English  system. 

Average  Position  and  Depth  of  Dominant 
Crowns 

Basal  Area  Model 

Average  height  to  the  base  of  the  crowns  of  dominant 
trees  (HBCD)  was  plotted  on  basal  area  (BA)  by  10-ft  (3-m) 
groups  of  average  dominant  tree  heights  (HD),  and  the 
data  were  found  to  be  distributed  such  that  full  sigmoidal 
effects  of  basal  area  (BA)  were  most  apparent  in  the  30- 
to  50-ft  (9.1-  to  15.3-m)  HD  range  (fig.  2).  However, 
because  the  curve  shapes  for  HBCD  over  BA  were 
reasonably  consistent  for  all  HD  groups,  they  were  char- 
acterized as  a  single  sigmoidal  form1  operative  over  the 
entire  range  of  HD.  The  maximum  heights  of  the  HBCD 
over  BA  sigmoids  occurred  at  BA  =  250  and  defined  the 
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Figure  2.  — Sigmoidal  effect  of  BA  in  HBCD. 
by  tree  height  groups. 
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Figure  3.  — Maximum  height  (YPg^)  in 
feet  of  HBCD  over  BA  sigmoids  for  the 
means  of  10-foot  dominant  height 
classes. 
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Figure  4.— Height  to  base  of  crown  (HBCD)  as  a  function  of  basal  area 
per  acre  (BA)  and  average  height  of  dominant  trees  (HD). 


able  1.  —  Height  to  base  of  crown  (HBCD)  in  function  o 

trees  (HD)  in  feet' 
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Crown  Competition  Model 

Like  BA,  the  CCF-effect  on  HBCD  was  e> 
oositive  and  sigmoidal  while  the  effect  of  h 
again  expected  to  be  positive  and  nearly  lir 
n  =  134)  were  again  separated  into  10-ft  (2 
groups  and  HBCD  was  plotted  over  CCF  wi 
neight  group  (fig.  5). 
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Figure  5.  — Sigmoidal  effect  of  CCF  on  HBCD.  by  tree  height  gi 
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The  expected  sigmoidal  CCF-effect  was  clearly  visible 
in  the  data  and  appeared  to  break  downward  from  the 
asymptotes  at  about  the  same  point  in  CCF  (180-200)  at 
all  heights.  As  with  BA,  the  strongest  expression  of  the 
sigmoidal  form  appeared  to  exist  in  the  30-  to  50-ft  (9.1-  to 
15.3-m)  HD  groups.  Following  Jensen  and  Homeyer  (1970), 
these  sigmoids  were  well  estimated  by  e_K  with  n  =  10,  and 
0.183  <  I  <  0.190.  Since  the  range  in  "I"  was  slight,  I  = 
0.186  was  finally  adopted  as  a  compromise  for  all  curves; 
thus  the  relationship  of  HBCD  to  CCF  over  the  entire 
range  of  HD  was  expressed  by  a  single  sigmoidal  form.3 

The  maximum  heights  of  the  HBCD  -  CCF  sigmoids 
occurred  at  CCF-500,  which  represented  the  upper  limit 
of  model  application  in  CCF.  Subsequent  to  plotting  and 
smoothing  the  changing  maximum  heights  of  the  sig- 
moids over  HD,  this  parameter,  called  YPqqp,  was 
described  after  the  methods  of  Jensen  and  Homeyer 
(1971)  by  a  slightly  concave-upward  curve  (fig.  6).  Its 
mathematical  expression  is:  YPqqF  =  0.12056  (HD) 


The  complete  hypothesis  is  specified  as: 

CCF 


[2] 


HBCD  =  (YPCCF)*e 


500 


0.814 


10 


*  1.0498* 


where:  HBCD   =   23.3  ft,  R2  =   0.85,  and  sy.x  -  4.7  and 
limits  are:  0  <  CCF  <  500:  and  0  <  HD  <  100. 

The  model  is  represented  as  a  response  surface  in 
figure  7,  and  estimated  values  generated  from  the  model 
for  representative  levels  of  CCF  and  HD  are  presented  in 
table  2. 
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Figure  6.— Maximum  heights  (YPqqp) 
in  feet  of  HBCD  over  CCF  sigmoids  for 
the  means  of  10-foot  dominant  height 
classes. 


3  The  unsealed  sigmoidal  form  for  HBCD  was: 

CCF  10 

500 


1  -0.186 


4  Least  squares  scaling  coefficient  (bj)  —  in  this  case  the  value  1.0498 
was  obtained  by  fitting  the  hypothesized  relation  to  the  data  from  which  itt 
was  partially  derived  (see  section  on  "Scaling  Models  to  Local 
Conditions"  for  determination  of  b:  for  other  data  sets). 
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igure  7.  — Height  to  base  of  crown  (HBCD).  as  a  function  of  crown 
ompetition  factor  (CCF)  and  average  height  of  dominant  trees  (HD). 


able  2.  — Average  height  to  base  of  crown  (HBCD)  in  feet  for  dominant  trees,  as  a  fu  :rown  competition  factor  (C( 
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Scaling  Models  to  Local  Conditions 

The  models  (equations  [1]  and  [2])  can  be  adjusted  to 
data  sets  from  other  populations  of  lodgepole  pine  trees 
through  a  simple  least  squares  fitting  of  model  estimate: 
to  observed  sample  values  of  HBCD  (forcing  the  regres- 
sion through  the  origin)  to  obtain  a  least  squares  scaling 
coefficient  (bj)  for  each  population:  bj  =  IXY/XX2,  where 
X  =  estimated  HBCD,  according  to  equation  [1]  or  [2], 
and  Y  =  actual  HBCD  from  the  pertinent  data  set. 

The  value  of  the  coefficient  (bj)  is  used  to  scale  esti- 
mates from  equations  [1]  or  [2]  to  local  conditions  as 
shown  in  equation  [3]: 


[3] 


HBCD,  =  HBCD  *  bj. 


Equations  [1]  and  [2]  with  [3]  provide  estimates  of  the 
average  position  (height  above  ground)  of  dominant  tree 
crowns  in  natural  even-aged  lodgepole  pine  stands,  as  a 
function  of  their  stand  density  and  average  height  of 
dominant  trees.  Average  depth  (length)  of  dominant  tree 
crowns  can  be  estimated  for  a  stand,  following  estima- 
tion of  HBCD,  as  the  difference  between  the  average 
height  of  dominant  trees  (HD)  and  HBCD.  Although  the 
position  and  depth  of  the  dominant  crown  class  does  not 
indicate  the  total  depth  and  position  of  the  stand  canopy, 
we  believe  the  dominant  parameters  can  serve  as  effec- 
tive statistical  indicators  of  various  biological  relation- 
ships associated  with  crown  characteristics  of  the 
overall  stand. 


Overall  Position  and  Depth  of  Stand 
Canopies 

To  provide  further  insight  into  the  overall  depth  and 
position  of  lodgepole  pine  stand  canopies,  we  examined 
the  relationship  between  average  height  to  the  base  of 
crowns  of  suppressed  trees  (HBCS)  and  HBCD,  for  a  27- 
stand  subsample  of  the  134  stands  used  to  develop  the 
HBCD  models.  We  found  that  HBCS  in  feet  can  be  esti- 
mated with  the  relationship: 

[4]  HBCS  =  -4.19  +  0.39  HBCD  +  0.18  HD 

R2  =  0.84 

Therefore,  equation  [4]  can  be  used  subsequent  to 
estimating  HBCD,  to  estimate  HBCS  — thereby  providing 
an  estimate  of  the  position  of  the  overall  canopy  in  rela- 
tion to  height  in  feet  above  the  ground.  Overall  estimated 
depth  of  the  canopy  can  be  calculated  as  the  difference 
between  HD  and  HBCS  for  the  stand. 


Forecasting  of  Future  Characteristics  of 
Lodgepole  Pine  Canopies 

To  obtain  estimates  of  the  canopy  position  and  depth 
of  a  stand  at  various  later  ages,  reliable  estimates  of  HD 
and  BA  or  CCF  must  be  possible  for  those  future  ages. 
Realistic  values  of  these  parameters  can  be  obtained 
with  computerized  tree  and  stand  growth  projections  for 
lodgepole  pine  (Stage  1973;  Myers  and  others  1971; 
Edminster  1978).  The  models  reported  in  this  paper  can 
also  be  embedded  in  such  computer  programs  to  provide 
vertical  crown  development  information  in  addition  to  the 
other  stand  development  information  they  provide.  In 
embedding  the  crown  models  in  computer  growth  projec- 
tion programs,  it  is  important  that  stand  density  reduc- 
tions (due  to  invoking  thinning  subroutines)  do  not  cause 
crowns  to  "grow-back-down-the-bole."  We  prevented  this  ' 
by  defaulting  the  value  of  HBCD  following  thinning  at  any 
period,  to  the  value  calculated  from  the  crown  model 
(equations  [1]  or  [2])  just  prior  to  the  thinning.  We  did  this 
with  a  stand  projection  program  for  lodgepole  pine 
(Myers  and  others  1971),  modified  to  include  growth 
equations  developed  from  Montana  and  Idaho  stand  data 
(Cole  1971;  Cole  and  Stage  1972;  Stage  1975).  We  found 
that  equations  [1]  and  [2]  gave  similar  results  under 
natural  stand  development;  however,  when  low  thinnings 
were  simulated,  equation  [2]  gave  less  realistic  results. 
We  believe  this  might  be  due  to  the  change  in  tree 
numbers  and  their  diameter  distribution  being  inconsis- 
tent with  the  regression  coefficients  of  the  CCF  equation 
for  lodgepole  pine  (Alexander  and  others  1967).  This 
equation  was  developed  from  unmanaged  stand  data  and 
relates  total  crown  coverage  of  natural  stands  to  the 
number  and  size  of  open  grown  trees  necessary  to  obtain 
100  percent  crown  coverage.  Basal  area,  on  the  other 
hand,  can  be  accurately  calculated  regardless  of 
changes  in  the  diameter  distribution  of  the  stand, 
because  of  its  direct  mathematical  relationship  to 
number  and  diameters  of  trees. 

Because  the  CCF  values  are  influenced  by  thinning 
(particularly  by  repeated  low  thinnings  that  systemati- 
cally skew-upward  the  diameter  distribution),  we  recom- 
mend that  only  equation  [1],  the  crown  model  involving 
basal  area  as  the  stand  density  measure,  be  used  to 
preview  crown  development  under  thinning  and  other 
managed-stand  scenarios. 

An  example  of  the  results  using  equation  [1]  to  preview 
yield  and  other  effects  is  summarized  in  table  3  for  stand 
densities  of  2,000  and  8,000  trees/acre  (4  940  and 
19  760/ha).  and  for  no-thinning  contrasted  with  both  a 
single  precommercial  thinning  and  precommercial 
thinning  with  subsequent  commercial  thinnings. 

Table  3  indicates  that,  among  other  effects,  heights 
and  crown  lengths  (canopy  depth)  are  increased  over 
time  by  repeated  thinnings  when  compared  to  no- 
thinning.  However,  height  to  crown  (canopy  position)  is 
also  elevated  by  repeated  thinnings,  in  comparison  to  no- 
thinning,  because  the  removal  of  suppressed  trees  in  low 
thinnings  removes  this  portion  of  the  overall  canopy. 
Repeated  computer  trials  of  this  kind  can  reveal  a 
favorable  (if  not  optimum)  management  regime  for  attain- 
ing or  maintaining  specified  values  of  these  important 
stand  parameters  during  stand  development. 
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with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  23 1  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
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Bozeman,  Montana  (in  cooperation  with  Montana 
State  University) 

Logan,    Utah    (in   cooperation    with    Utah    State 
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Moscow,  Idaho  (in  cooperation  with  the  Univer- 
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University) 
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RESEARCH  SUMMARY 

Calibration  is  one  of  the  most  important  steps  in  using 
thermocouple  psychrometers  for  estimating  water  poten- 
tial. Unfortunately,  the  calibration  process  has  numerous 
problems,  including:  (1)  the  logistics  of  calibrating  large 
numbers  of  psychrometers;  (2)  applying  isothermal  cali 
bration  data  to  unstable  thermal  environments;  (3) 
projecting  limited  calibration  data  to  extended  ranges  o 
temperature  and  water  potential;  and  (4)  visually  inter 
polating  and  extrapolating  data  from  hand-drawn  curves 
A  mathematical  model  of  psychrometer  calibration  was 
developed  that  should  alleviate  most  of  these  problems  I 
and  enhance  calibration  accuracy.  The  model  applies  to 
a  water  potential  range  of  0  to  about -80  bars,  a  tem- 
perature range  of  0°  to  40°  C  (32°  to  104°  F)  and  to 
Peltier  cooling  times  of  from  15  to  60  sec.  In  addition,  thai 
model  includes  a  correction  for  the  effects  of  tempera- 
ture gradients  on  psychrometer  performance  as  reflected 
by  zero-offsets  ranging  from-60  to  +60  microvolts. 
Within  the  limits  established,  this  model  is  applicable  to 
screen-caged  psychrometers  constructed  with  0.0025-cm 
(0.001-inch)  diameter  chromel-constantan  thermocouples 
that  employ  a  Peltier  cooling  current  of  5  ma.  Techniques 
of  psychrometer  calibration  and  cleaning  are  discussed 
together  with  the  details  of  the  model,  its  application, 
and  limitations. 
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INTRODUCTION 

Thermocouple  psychrometers  are  useful  instruments 
for  measuring  the  water  potential  of  soils,  plant  tissues, 
and  other  media  in  the  laboratory  and  the  field.  Unfor- 
tunately, they  must  be  carefully  calibrated  under  elabor- 
ately controlled  conditions  to  insure  accurate  data.  The 
calibration  process  involves  establishing  the  relationship 
between  microvolt  output  and  known  water  potentials 
over  a  range  of  temperatures.  These  relationships  are 
usually  represented,  for  each  psychrometer,  as  sets  of 
hand-drawn  curves  that  form  the  basis  for  estimating 
water  potential  from  known  microvolt  and  temperature 
data.  However,  calibration  is  time  consuming,  expensive, 
and  subject  to  multiple  errors  when  many  psychrometers 
are  used. 

Calibration  errors  are  commonly  associated  with  using 
improper  techniques,  applying  laboratory  data  to  un- 
stable thermal  environments,  and  interpolating  data  from 
hand-drawn  curves.  Because  the  reliability  and  accuracy 
of  a  thermocouple  psychrometer  are  defined  by  the 
quality  of  its  calibration,  it  is  essential  that  one  use 
proper  techniques  tempered  with  stringent  adherence  to 
detail  and  procedure  (Brown  1970;  Meyn  and  White  1972; 
Rawlins  1966;  Slavik  1974;  Wiebe  and  others  1971).  In 
addition,  it  is  usually  recommended  that  each  psychrom- 
eter be  calibrated  individually  because  common 
methods  of  construction  often  result  in  some  variability 
among  units  that  may  affect  their  calibration  character- 
istics (Wiebe  and  others  1971).  However,  in  recent  years 
the  field  use  of  thermocouple  psychrometers  in  large 
numbers  has  become  a  common  research  method.  This 
seriously  complicates  the  logistical  procedures  of  cali- 
bration when  attempting  to  include  the  entire  range  of 
variables  likely  to  be  encountered  under  field  conditions 
for  dozens,  or  perhaps  hundreds,  of  psychrometers. 

Serious  problems  arise  when  attempting  to  relate  lab- 
oratory calibrations  made  under  isothermal  conditions  to 
field  data  collected  in  unstable  thermal  environments. 


Although  the  errors  caused  by  temperature  gradients 
have  long  been  recognized  (Rawlins  and  Dalton  1967).  the 
normal  practice  has  been  to  ignore  them.  Not  until  Wiebe 
and  others  (1977)  and  Wiebe  and  Brown  (1979)  quantified 
the  errors  caused  by  temperature  gradients  could 
suggestions  be  made  of  how  to  avoid  them,  or  otherwise 
minimize  their  effects.  They  defined  the  magnitudes  of 
temperature  gradient  errors  and  identified  various  flaws 
in  psychrometer  design  that  aggravate  them.  Michel 
(1979)  subsequently  studied  temperature  gradient  effects 
on  psychrometer  calibration  over  narrow  ranges  of  micro- 
volts and  temperatures. 

Four  primary  variables  can  be  identified  as  influencing 
estimates  of  water  potential  with  thermocouple 
psychrometers:  (1)  the  microvolt  output  of  the  psychrom- 
eter: (2)  the  equilibrium  temperature  of  the  sample  and 
the  psychrometer;  (3)  the  Peltier  cooling  current  and 
length  of  cooling  time;  and  (4)  the  influence  of  tempera- 
ture gradients  on  psychrometer  output.  Although  psy- 
chrometers may  differ  slightly  in  their  calibration  charac- 
teristics, generally  they  all  have  highly  predictable  re- 
sponses to  these  variables  within  certain  limits  (Brown 
1970;  Meyn  and  White  1972;  Michel  1979;  Rawlins  1966; 
Wiebe  and  others  1971).  Also,  calibration  characteristics 
of  psychrometers  remain  rather  stable  if  the  thermo- 
couple is  kept  clean  and  its  geometric  position  remains 
unaltered.  For  example,  Brown  and  Johnston  (1976)  found 
that  calibration  outputs  of  psychrometers  changed  only 
1.2  percent  after  40  months  of  continuous  field  exposure. 

This  strong  predictability  of  response  to  the  four  pri- 
mary variables,  together  with  the  long-term  stability  of 
calibration  characteristics,  suggests  that  mathematical 
modeling  may  be  useful  in  circumventing  some  of  the 
problems  associated  with  psychrometer  calibration.  A 
model  would  provide  the  interactive  form  and  internal 
scales  for  the  relations  involved,  and  would  express  the 
average  performance  of  the  population  of  psychrometers 
used  in  its  development.  Also,  a  model  would  ideally  be 


applicable  to  psychrometers  of  other  populations  that  are 
constructed  with  similar  materials  and  techniques.  Gross 
adjustment  of  the  model  using  a  small  number  of  well- 
controlled  calibration  measurements  would  suffice  to 
make  the  model  applicable  to  any  new  psychrometer  or 
group  of  psychrometers.  The  limits  of  accuracy  would  be 
established  by  the  range  of  variability  among  the  psy- 
chrometers, and  could  be  predicted  by  model  verification. 
If  these  limits  are  acceptable,  the  model  could  prove  to 
be  highly  useful  for  establishing  the  calibration  charac- 
teristics of  large  numbers  of  psychrometers  with  a 
minimum  of  time,  expense,  and  possible  error  due  to 
interpretation  of  hand-fitted  and  drawn  relationships. 
Further,  using  the  assumption  that  the  unique  character- 
istics of  each  psychrometer  can  be  identified  with  only 
one  or  a  few  calibration  points,  their  responses  over  the 
entire  range  of  the  four  primary  variables  could  be  pre- 
dicted within  prescribed  limits  of  error  using  the  model. 
Estimates  of  water  potential  with  from  one  to  any 
number  of  psychrometers  could  then  be  automated  by 
computer  programing  methods.  Although  at  first  glance  it 
may  appear  that  some  level  of  accuracy  may  be  sacri- 
ficed by  this  method,  most  errors  associated  with  manual 
data  manipulation  would  be  eliminated. 

The  potential  value  of  psychrometer  calibration  model- 
ing has  long  been  recognized  (Rawlins  1972;  Van  Haveren 
and  Brown  1972).  Unfortunately,  only  the  efforts  of  Meyn 
and  White  (1972)  have  been  documented  in  detail.  Their 
model  was  based  on  the  performance  of  only  eight 
psychrometers,  and  related  microvolt  output  to  a  narrow 
range  of  water  potentials  (0  to  about -46  bars)  over  a 
restricted  temperature  span,  8°  to  25°  C  (46.4°  to  77°  F). 
In  addition,  their  model  was  valid  for  only  one  Peltier 
cooling  time  under  isothermal  conditions.  Michel  (1979) 
attempted  to  predict  the  effects  of  temperature  gradients 
on  psychrometer  estimates  of  water  potential,  but  only 
studied  narrow  ranges  of  these  two  variables  between 
20°  and  30°  C  (68°  to  86°  F). 

The  model  developed  here  is  designed  to  predict 
estimated  potentials  over  the  range  of  environmental 
conditions  most  likely  to  be  encountered  in  the  field. 
Generally,  the  model  predicts  water  potentials  over  the 
range  of  sensitivity  of  chromel-constantan  Peltier  psy- 
chrometers, or  from  0  to  about  -80  bars.  Also,  it  applies  to 
an  ambient  temperature  range  of  0°  to  40°  C  (32°  to  104° 
F)  for  Peltier  cooling  times  of  15  to  60  sec,  and  for  tem- 
perature gradient  conditions  that  create  about  ±  1  °  C 
( ±  1 .8 °  F)  temperature  difference  between  the  sensing 
and  reference  junctions  of  the  psychrometer  (zero-offset 
of  ±60  microvolts).  In  addition,  the  predictive  model  was 
used  to  evaluate  the  following  hypotheses: 

1.  The  microvolt  response  of  any  given  psychrometer 
(of  similar  design  criteria  to  those  used  here)  to  water 
potential,  temperature,  Peltier  cooling  time,  and  tempera- 
ture gradients  can  be  modeled  and  predicted  to  within  at 
least  the  limits  of  error  normally  expected  with  hand- 
drawn  calibration  curves. 


2.  The  normal  limits  of  error  encountered  in  calibration 
can  be  reduced  by  adjusting  the  model  over  the  range  of 
appropriate  variables  as  a  function  of  a  few  calibration 
points  for  any  individual  psychrometer  of  similar  design. 

3.  The  time  and  expense  normally  devoted  to  hand 
calibration  can  be  significantly  reduced  by  modeling 
calibration. 

4.  Large  quantities  of  either  field  or  laboratory  data 
can  be  analyzed  more  quickly  and  with  fewer  errors  using 
the  model-concept  than  with  conventional  methods. 

Recent  technology  advances  in  electronic  instruments 
permit  the  use  of  such  a  model  in  microprocessor 
circuitry  with  field-operated  meters  and  data  storage  and 
retrieval  systems.  This  capacity  can  significantly  reduce 
the  amount  of  data  processing  required,  and  permits 
nearly  instantaneous  evaluation  of  data  outputs. 

REVIEW  OF  THEORY  CONCEPTS 

The  development  of  a  model  for  thermocouple  psy- 
chrometer calibration  depends,  in  part,  upon  an  under- 
standing of  the  basic  concepts  of  these  instruments.  In 
addition,  it  is  essential  to  recognize  the  role  of  the  dif- 
ferent variables  that  affect  the  performance  of  psychrom- 
eters. 

Thermocouple  Psychrometers 

The  theory  of  how  thermocouple  psychrometers 
operate  has  been  described  in  detail  (Spanner  1951; 
Rawlins  1966;  Dalton  and  Rawlins  1968;  Peck  1968,  1969; 
Brown  1970;  Wiebe  and  others  1971;  Brown  and  Van 
Haveren  1972;  Scotter  1972;  and  Slavik  1974).  Basically, 
psychrometers  are  used  to  infer  the  water  potential  of 
soils,  plant  tissues,  and  other  media  from  measurements 
of  equilibrium  vapor  pressure.  Instruments  have  been 
designed  for  use  in  closed  systems  within  a  sealed 
chamber  and  for  in  situ  use  in  the  field. 

Although  a  variety  of  design  features  have  been  de- 
veloped, all  Peltier  thermocouple  psychrometers  now 
used  have  the  same  basic  ingredients.  They  consist  of  a 
thermocouple  constructed  of  0.00254  -  cm  (0.001-inch) 
diameter  chromel  and  constantan  wires  welded  to  form  a 
sensing  junction.  A  short  distance  back  from  the  sensing 
junction  these  wires  are  each  attached  to  separate 
copper  lead  wires  of  large  diameter,  forming  the  refer- 
ence junctions  of  the  psychrometer.  The  sensing  junction 
and  two  reference  junctions  form  the  essential  con- 
stituents of  a  thermocouple  psvchrometer. 

The  primary  differences  among  types  of  psychrometers 
are  the  design  and  material  used  to  construct  the  protec- 
tive housing  around  the  thermocouple.  Usually  the  choice 
of  material  and  the  design  of  the  housing  are  determined 
by  the  intended  use  of  the  psychrometer,  although  there 
are  some  exceptions.  Materials  used  include  ceramic, 
stainless  steel  screen,  and  solid  stainless  steel  or  Teflon 
tubing  with  a  screen  end  window.  The  various  advan- 
tages and  disadvantages  of  these  have  been  discussed 
(Wiebe  and  Brown  1979;  Wiebe  and  others  1971;  Wiebe, 
Brown,  and  Barker  1977;  Brown  and  Van  Haveren  1972; 
Brown  1970). 


Measurements  of  Water  Potential 

Prior  to  measuring  water  potential,  the  psychrometer  is 
suspended  in  a  closed  system  containing  soil,  plant 
tissue,  or  other  media.  Vapor  pressure  equilibrium  is 
reached  when  the  water  potential  of  the  medium  and  the 
vapor  pressure  of  the  air  around  it  are  in  dynamic 
equilibrium.  Under  isothermal  conditions  the  tempera- 
tures of  the  medium,  the  air,  and  the  psychrometer  are  all 
equal. 

When  these  conditions  are  achieved,  water  potential 
measurements  are  made  using  the  Peltier  effect.  A  small 
electrical  current  (about  5  ma)  is  passed  through  the 
psychrometer  circuit  from  the  constantan  to  the  chromel 
side  of  the  thermocouple  for  a  brief  time  (usually  about 
15  sec).  This  current  causes  the  sensing  junction  to  cool 
slightly  below  ambient  temperature  (the  maximum  effi- 
ciency of  chromel-constantan  thermocouples  is  about 
0.6°  C  [1.08°  F]  below  ambient  temperature).  If  the 
thermocouple  is  cooled  below  the  dew-point  of  the 
atmosphere  surrounding  it,  water  vapor  in  the  air  will 
condense  on  the  sensing  junction.  Following  a  specified 
cooling  time  the  current  is  terminated,  and  the 
condensed  water  on  the  junction  immediately  begins  to 
evaporate  back  into  the  surrounding  atmosphere.  During 
this  phase  the  thermocouple  is  again  cooled,  but  now  as 
a  function  of  the  rate  of  evaporation,  which  is  a  function 
of  the  vapor  pressure  of  the  atmosphere  and  hence  of  the 
water  potential  of  the  medium.  In  this  manner  the  Peltier 
effect  allows  a  thermocouple  psychrometer  to  be  used  as 
a  wet-and-dry  bulb  instrument. 

If  the  atmosphere  adjacent  to  the  thermocouple  is  at 
the  saturated  vapor  pressure,  the  ambient  temperature 
and  the  dew-point  temperature  will  be  identical,  and  thus 
water  will  not  evaporate  from  the  sensing  junction.  This 
situation  corresponds  to  saturation  or  a  0  bar  water 
potential,  and  will  be  detected  as  a  0  microvolt  output  on 
the  meter.  However,  if  a  vapor  pressure  deficit  exists  in 
the  surrounding  atmosphere,  evaporative  cooling  of  the 
wet  sensing  junction  will  occur  at  a  rate  directly  related 
to  the  magnitude  of  the  deficit.  This  corresponds  to  a 
drier  situation  than  saturation,  and  will  be  detected  as  a 
microvolt  output  from  the  thermocouple.  Thus,  the  drier 
the  water  potential  of  the  medium,  the  greater  will  be  the 
microvolt  output  from  the  psychrometer.  If  the  water 
potential  is  drier  than  about  -85  bars,  however,  the  dew- 
point  temperature  will  likely  be  more  than  0.6°  C  (1.08°  F) 
below  the  ambient  temperature.  At  this  point  and  beyond, 
the  efficiency  of  the  Peltier  effect  is  no  longer  great 
enough  to  condense  sufficient  water  on  the  sensing 
junction  to  achieve  stable  readings.  This  represents  the 
approximate  lower  limit  of  sensitivity  for  chromel- 
constantan  thermocouple  psychrometers. 

General  Calibration  Procedures 

Thermocouple  psychrometers  can  be  calibrated  by 
suspending  the  instrument  in  a  sealed  chamber  contain- 
ing a  water  vapor  source  of  known  water  potential  at  a 
constant  temperature  (Barrs  1968;  Brown  1970;  Brown 


and  Van  Haveren  1972;  Campbell  1972;  Meyn  and  White 
1972;  Rawlins  1966,  1972;  Slavik  1974;  Wiebe  and  others 
1971).  Normally  an  electrolyte  solution  such  as  NaCI  or 
KCI  of  known  molality  is  used  as  a  vapor  source.  The 
relationship  between  water  potential  and  solution  con- 
centration at  various  temperatures  is  available  from 
standard  tables  (Lang  1967;  Wiebe  and  others  1971: 
Brown  and  Van  Haveren  1972) 

A  piece  of  filter  paper  saturated  with  the  solution  is 
sealed  with  the  psychrometer  in  the  chamber.  Calibra- 
tion is  usually  performed  in  a  water  bath  under  iso- 
thermal conditions  because  both  psychrometer  output 
and  water  potential  are  temperature-dependent  variables. 
Psychrometer  outputs  in  microvolts  are  then  plotted 
against  water  potential  in  bars  for  several  different 
temperatures  to  yield  a  family  of  curves.  Since  the  rela- 
tionship between  psychrometer  output  and  water 
potential  is  not  linear  throughout  the  entire  range,  several 
different  salt  solutions  are  used  for  each  of  several 
temperatures. 

The  importance  of  careful  and  precise  calibration  tech- 
nique has  been  stressed  (Rawlins  and  Dalton  1967; 
Brown  1970;  Wiebe  and  others  1971;  Meyn  and  White 
1972).  Everything  known  about  psychrometer  responses 
is  based  on  calibration.  Electrolyte  solutions  must  be 
prepared  with  great  care,  and  all  materials  used  in- 
cluding the  psychrometers,  chambers,  filter  paper,  and 
other  accessories  must  be  thoroughly  and  rigorously 
cleaned.  In  addition,  care  must  be  exercised  in  main- 
taining precise  temperature  control  to  minimize  the 
effects  of  temperature  gradients  and  to  accurately 
establish  the  relationship  between  psychrometer  output 
and  temperature. 

The  Role  of  Temperature  Gradients 

Temperature  gradients  are  a  natural  phenomenon 
(Wiebe  and  others  1977).  Although  thermocouple  psy- 
chrometers are  designed  and  calibrated  for  use  under 
isothermal  conditions,  in  situ  applications  in  the  field 
invariably  lead  to  problems  associated  with  temperature 
gradients.  Thermal  instability  in  a  system  leads  to, 
among  other  phenomena,  the  movement  of  water  vapor 
from  warmer  to  cooler  regions.  Essentially,  temperature 
gradients  cause  errors  in  estimates  of  water  potential  by 
disrupting  the  thermal  stability  between  the  sensing 
junction  of  the  psychrometer  and  the  evaporating  sample 
surface,  or  between  the  sensing  and  reference  junctions 
(Rawlins  and  Dalton  1967;  Wiebe  and  others  1977;  Wiebe 
and  Brown  1979;  Michel  1979). 

Wiebe  and  Brown  (1979)  analyzed  differences  in  tem- 
perature between  the  sample  and  the  psychrometer  and 
showed  that  temperature  gradients  may  cause  several 
types  of  errors:  (1)  if  the  average  sample  surface  and  the 
sensing  junction  temperatures  differ,  their  vapor 
pressures  will  be  identical  but  their  relative  vapor  pres- 
sures will  differ;  (2)  water  may  condense  at,  or  evaporate 
from,  the  surface  being  measured  by  the  psychrometer 
depending  upon  the  direction  of  heat  movement;  and  (3) 
water  may  become  trapped  within  solid  chambers  con- 
sisting of  "end-window"  type  designs.  They  concluded 


that  these  errors  can  be  minimized  with  proper  psychrom- 
eter  design  criteria:  (1)  concentric  geometry  with  the 
sensing  junction  located  in  the  middle  or  toward  the 
distal  end  of  a  cylindrical  or  spherical  sample  surface;  (2) 
use  of  single-junction  thermocouples  that  permit  detec- 
tion of  thermal  gradients;  (3)  use  of  materials  with  low 
heat  conductivity;  and  (4)  miniaturization  of  components 
consistent  with  stability,  ruggedness,  and  ease  of  con- 
struction. 

Among  the  commercially  available  designs  that  cur- 
rently meet  these  criteria  are  the  ceramic  cup  and  screen- 
cagea  units  of  Wescor  and  the  stainless  steel  screen- 
caged  units  of  J.  R.  D.  Merrill.  Although  these  units 
minimize  errors  due  to  temperature  differences  that  may 
occur  oetween  the  psychrometer  and  the  sample,  such 
errors  may  still  occur. 

The  null-output  in  microvolts  of  a  psychrometer  under 
true  isothermal  conditions  prior  to  Peltier  cooling  will  be 
zero.  This  indicates  that  the  net  microvoltage  outputs  of 
both  the  reference  and  the  sensing  junctions  counter- 
balance each  other,  a  phenomenon  referred  to  as  the 
Seebeck  effect  (Van  Haveren  and  Brown  1972).  However, 
when  a  temperature  gradient  exists  within  the  psychrom- 
eter (the  temperatures  of  the  reference  junctions  and 
sensing  junctions  are  not  equal),  the  null-output  will 
either  be  positive  or  negative  depending  upon  the 
direction  of  heat  movement.  This  null-output  in  microvolts 
has  been  termed  the  "zero-offset"  (for  instance,  the 
microvolts  of  offset  from  zero)  by  Wiebe  and  others 
(1977),  Wiebe  and  Brown  (1979),  and  Michel  (1979)  and  is 
used  to  detect  the  presence  and  magnitude  of  tempera- 
ture gradients. 

The  output  generated  by  chromel-constantan  thermo- 
couples is  about  60  microvolts  per  degree  (33.3  micro- 
volts per  degree  Fahrenheit)  in  the  temperature  range  of 
0°  to  70°  C  (32°  to  104°  F)  (Omega  Engineering,  Inc.  1976). 
Thus,  an  offset  from  zero  of  +60  microvolts  would 
indicate  that  the  sensing  junction  was  about  1  °  C  (1.8°  F) 
cooler  than  the  reference  junctions,  and  conversely,  a-60 
microvolt  offset  indicates  the  sensing  junction  is  1  °  C 
(1.8°  F)  warmer.  Although  the  precise  magnitude  of  a 
temperature  gradient  may  not  always  be  known,  its 
relative  magnitude  and  direction  can  be  calculated  by 
knowing  the  offset  from  zero  (Michel  1979)  and  the 
distance  between  the  sensing  and  reference  junctions. 
Generally,  positive  offsets  result  in  water  potential  esti- 
mates that  are  too  dry  (microvolt  outputs  are  too  high), 
whereas  negative  offsets  yield  readings  that  are  too  wet 
(microvolt  outputs  are  too  low). 

METHODS  AND  PROCEDURES 

The  influences  of  the  four  primary  variables  on  psy- 
chrometer performance  incorporated  in  the  model  were 
investigated  using  two  different  calibration  procedures. 
Isothermal  calibration  was  used  to  determine  the  effects 
on  psychrometer  output  of  (1)  water  potential,  (2) 
equilibrium  temperature,  and  (3)  Peltier  cooling  time.  The 
fourth  variable,  temperature  gradients,  was  assessed  by 
nonisothermal  calibration  methods. 


Isothermal  Calibration 

The  methods  of  isothermal  calibration  used  in  this 
study  follow  the  general  procedures  discussed  above 
with  a  few  modifications.  A  total  of  24  screen-caged 
single-junction  thermocouple  psychrometers  (fig.  1)  were 
used  that  had  been  selected  at  random  from  a  total 
population  of  270  units  (Brown  and  Collins  1980).  These 
units  are  identical  to  those  constructed  by  various  com- 
mercial companies  (J.  R.  D.  Merrill,  EMCO,  and  Wescor) 
in  all  respects  affecting  psychrometers  operation  and 
function.  Some  unique  design  features  were  added, 
which  have  since  been  adopted  by  these  companies,  but 
they  do  not  affect  the  basic  characteristics  of  chromel- 
constantan  instruments.  Therefore,  it  is  anticipated  that 
the  data  collected  in  this  study  are  representative  of 
similar  screen-caged  psychrometers  employing  a  protec- 
tive housing  that  provides  a  360°  evaporative  surface 
concentric  to  the  sample  surface. 
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Figure  1.— Screen-caged  single- 
junction  Peltier  thermocouple  psy- 
chrometer used  to  develop  the  cali- 
bration model  (after  Brown  and  Collins 
1980). 


The  same  24  psychrometers  were  used  throughout  this 
phase  of  the  study.  Each  psychrometer  was  sealed  in  a 
stainless  steel  chamber  identical  to  those  described  by 
Brown  and  Collins  (1980)  and  illustrated  in  figure  2.  With 
the  lower  cap  removed,  the  entire  sidewall  of  the 
chamber  around  the  psychrometer  was  lined  with  a 
Whatman  No.  1  filter  paper  strip  previously  cut  to  size. 
The  filter  paper  was  then  saturated  with  a  NaCI  solution 
dispensed  from  a  drop-bottle,  with  the  excess  poured  off 
and  discarded.  Then  the  lower  cap  was  immediately  re- 
placed over  the  chamber  and  sealed. 
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E-igure  2.— Stainless  steel  calibration 
chamber  with  sealed  psychrometer  in 
place  (after  Brown  and  Collins  1980). 


A  summary  of  the  NaCI  molalities  and  temperatures 
used  in  this  study  appears  in  table  1,  together  with  the 
water  potentials  of  the  solutions.  Each  solution  was  pre- 
pared separately  with  reagent  grade  NaCI  (see  Brown  and 
Van  Haveren  1972,  pages  302-308  for  detailed  pro- 
cedures). The  0  molality  solution  consisted  of  distilled- 
deionized  water. 

A  Forma  Scientific  refrigerated  water  bath  (model  2324) 
was  used  to  maintain  constant  temperature  control 
within  limits  of  ±0.01  °  C  (0.018°  F).  We  used  a  modified 
top  on  the  bath  that  provided  a  rubber  seal  around  both 
the  lead  wires  of  the  psychrometers  and  the  rim  of  the 
reservoir  to  reduce  the  effects  of  evaporative  cooling  on 


bath  temperature.  The  temperature  stability  within  the 
bath  was  monitored  regularly  using  four  separate 
measuring  systems:  (1)  two  National  Bureau  of  Standards 
calibrated  mercury-in-glass  thermometers  to  the  nearest 
0.01  °  C  (0.018°  F);  (2)  a  thermistor  and  electronic  digital 
thermometer;  (3)  a  differential  copper-constantan  thermo- 
couple with  a  5-cm  (2-inch)  span  between  junctions;  and 
(4)  the  copper-constantan  thermocouple  circuit  in  each  of 
the  24  psychrometers.  The  bath  demonstrated  excellent 
stability  at  all  temperatures  under  continuous  use,  and 
the  differential  thermocouple  never  indicated  a  greater 
temperature  difference  than  0.0025°  C  (0.0045°  F) 
between  its  junctions. 

Table  1. — Summary  of  water  potentials  in  bars  for  NaCI 

molalities  and  temperatures  used  in  calibration  (after 
Lang  1967) 


NaCI 

Te 

mperature 

molality 

0°C 

7.5°  C 

15°C 

25°  C 

35  °C 



Water 

ootential. 

bars 



0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.2 

-8.36 

-8.60 

-8.84 

-9.15 

-9.46 

0  5 

-20.70 

-21.36 

-22.00 

-22.81 

-23.62 

0.7 

-29.01 

-29.98 

-30.91 

-32.10 

-33.28 

I  0 

-41.69 

-43.18 

-44.59 

-46.40 

-48.15 

1  5 

-63.59 

-66.06 

-68.37 

-71.34 

-74.11 

1  7 

-72.60 

-75.50 

-78.20 

-81.70 

-84.90 

1  8 

-77.30 

-80.35 

-83.30 

-87.00 

-90.40 

1  '■) 

-81.90 

-85.30 

-88.40 

-92.40 

-96.00 

2.0 

-86.70 

-90.25 

-93.60 

-97.80 

-101.60 

After  the  24  psychrometers  were  sealed  within  their 
chambers  they  were  immersed  in  the  bath.  About  a  35-cm 
(14-inch)  section  of  lead  wire  above  the  calibration 
chamber  was  also  submerged  into  the  circulating  water 
to  reduce  the  effects  of  heat  conduction  along  the  wires. 
Temperature  equilibration  between  the  water  bath  and 
the  chambers  was  usually  achieved  within  30  min,  but 
vapor  pressure  equilibrium  within  the  chambers  usually 
required  from  2  to  6  hours.  Temperature  equilibrium  was 
detected  as  a  0  microvolt  offset  on  the  microvoltmeter 
(Wiebe  and  others  1977;  Wiebe  and  Brown  1979),  and 
vapor  pressure  equilibrium  was  assumed  when  two  repro- 
ducible water  potential  outputs  were  read  1  hour  apart. 
The  0  (distilled-deionized  water)  and  0.2  molal  solutions 
required  longer  equilibration  times,  whereas  the  more 
concentrated  solutions  required  shorter  times.  Also,  in 
general,  vapor  pressure  equilibration  was  slower  at  cool 
temperatures  and  faster  at  warm  temperatures. 

In  an  effort  to  reduce  variability,  all  24  psychrometers 
were  calibrated  simultaneously  with  the  same  solution. 
The  microvolt  outputs  of  each  psychrometer  were 
measured  with  an  SB-Systems  600  meter  to  the  nearest 
0.1  mV,  and  temperature  was  recorded  to  the  nearest 
0.1 "  C  (0.18°  F).  Questionable  readings  were  checked  only 


after  30  min  reequilibration  time.  The  psychrometer  out- 
puts were  recorded  beginning  with  the  0°  C  (32°  F) 
temperature  first,  and  then  followed  successively  with 
each  next  higher  temperature  up  to  35°  C  (95°  F).  We 
found  it  convenient  to  immerse  the  set  of  psychrometers 
in  the  0°  C  (32°  F)  bath  late  in  the  afternoon  and  allow 
them  to  equilibrate  overnight.  After  the  readings  were 
recorded  the  next  morning,  the  bath  temperature  was 
reset  at  7.5°  C  (45.5°  F).  The  data  at  this  temperature 
were  then  recorded  when  vapor  pressure  equilibrium  had 
been  reached,  and  the  process  was  repeated  for  each 
successive  temperature.  Using  this  procedure,  from  3  to  5 
days  were  required  to  collect  the  calibration  data  for 
each  solution. 

Chances  of  water  vapor  condensation  within  the 
chambers  were  reduced  somewhat  by  sequentially  in- 
creasing the  temperature  after  each  set  of  readings. 
However,  the  first  set  of  readings  of  0°  C  (32°  F)  may 
have  been  affected  by  water  condensation,  which  would 
in  part  explain  the  much  longer  equilibration  process  at 
this  temperature.  Once  condensate  forms  within  the 
chamber,  reevaporation  of  the  liquid  drops  and  the  estab- 
lishment of  vapor  pressure  equilibration  are  severely 
slowed. 

All  psychrometers  and  calibration  chamber 
components  were  thoroughly  cleaned  and  dried  each 
time  the  NaCI  solutions  were  changed.  Each  component 
was  sprayed  with  electronic  tuner  cleaner  (LPS  Instant 
Cleaner,  LPS  Research  Labs.,  Inc.,  Los  Angeles,  CA 
90025)  to  remove  grease  and  other  contaminants.  Then 
all  components  were  washed  vigorously  with  distilled- 
deionized  water.  A  squeeze-bottle  with  a  narrow-neck 
spout  was  used  to  force  water  into  the  screen-cage  of  the 
psychrometers  to  remove  all  traces  of  tuner  cleaner,  salt 
solution,  or  other  contaminants.  The  components  were 
blown  dry  with  filtered  compressed  air  at  60  psi,  and  then 
completely  dried  at  80°  C  (176°  F)  in  a  forced-draft  oven 
overnight.  After  the  components  had  cooled  to  room 
temperature,  maintained  between  20°  and  25°  C  (68°  to 
77°  F)  the  rubber  o-ring  seals  were  treated  with  a  thin 
coat  of  Dow  Corning  silicone  grease  to  facilitate  proper 
sealing  and  movement  of  parts,  and  then  reassembled. 

With  the  lead  wires  connected  to  the  meter,  psychrom- 
eter outputs  in  microvolts  as  a  function  of  water 
potential  and  temperature  were  measured  with  Peltier 
cooling  times  of  15,  30,  and  60  sec.  For  our  psychrom- 
eters we  used  the  optimum  Peltier  cooling  current, 
which  had  been  previously  determined  to  be  5  ma. 
Generally  the  optimum  current  for  chromel-constantan 
thermocouples  of  this  type  is  between  3.5  and  5  ma 
(Merrill  and  Rawlins  1972).  In  this  manner,  data  were 
assembled  for  inclusion  in  the  model  to  describe  the 
influence  of  the  first  three  primary  variables  on  psychrom- 
eter performance. 


Nonisothermal  Calibration 

The  objective  of  this  phase  of  the  study  was  to  assess 
the  effects  of  temperature  gradients  on  psychrometer 
response  to  known  potential  and  temperature  conditions. 
Six  psychrometers  of  the  original  24  were  randomly 
selected  and  imbedded  in  a  sand  column  saturated  with 
one  of  the  NaCI  solutions.  We  originally  had  attempted  to 
use  nine  psychrometers,  but  the  logistics  of  the  tech- 
nique proved  to  be  too  complex  to  permit  accurate 
assessment  of  each  instrument  in  unstable  thermal 
environments.  The  sand  column  was  contained  in  a  plexi- 
glass tube  11.4  cm  in  diameter  by  35.6  cm  length  (4.5 
inches  by  14  inches)  fitted  with  sealable  stainless  steel 
plates  at  both  ends 

The  sand  used  in  the  column  was  a  No.  3  grit  that  had 
been  washed  to  remove  salts  and  other  foreign  matter 
and  then  dried.  The  sand  was  presaturated  with  an  NaCI 
solution  and  then  allowed  to  drain  while  in  a  sealed 
plastic  bag  to  reduce  evaporation.  This  moistened  sand 
was  lightly  packed  in  the  plexiglass  tube  until  it  was 
nearly  half  full,  and  then  the  psychrometers  were  posi- 
tioned half  way  between  the  two  end  plates  of  the 
column  and  perpendicular  to  them.  Three  of  the  psychrom- 
eters were  placed  with  their  sensing  junctions  facing 
up  and  the  other  three  facing  down  (180  degrees  in  the 
other  direciton,  but  parallel  to  each  other).  Opposing 
placement  of  the  psychrometers  provided  nearly  equal, 
but  opposite  zero-offsets,  when  a  temperature  gradient 
passed  through  the  system.  The  psychrometers  were 
positioned  about  1  cm  (0.39  inch)  apart,  and  moist  sand 
was  lightly  packed  around  them  to  hold  them  in  place.  A 
30-cm  (12-inch)  section  of  lead  wire  of  each  psychrometer 
was  coiled  at  the  same  location,  but  away  from  the  zone 
of  immediate  influence  on  the  psychrometers,  to  mini- 
mize the  effects  of  heat  conduction  along  the  wires.  The 
remainder  of  the  tube  was  then  filled,  but  care  was  taken 
to  pack  the  sand  lightly  around  the  psychrometers  to 
insure  intimate  contact  with  them.  The  lead  wires  of  the 
psychrometers  extended  up  through  the  sand  column 
and  exited  the  plexiglass  tube  near  the  top.  The  top  plate 
was  sealed  in  place  with  self-tapping  screws,  and  RTV 
silicone  rubber  was  used  to  insure  a  watertight  seal. 

The  entire  tube  was  submerged  in  the  water  bath  and 
allowed  to  reach  temperature  and  vapor  pressure  equi- 
librium. Usually  about  3  hours  were  required  to  reach 
temperature  equilibrium  within  the  large  mass  of  sand, 
but  between  24  and  48  hours  were  required  to  achieve 
vapor  pressure  equilibrium.  Under  these  conditions,  the 
zero-offset  was  first  verified  at  0  microvolts,  and  then  the 
water  potential  and  temperature  data  were  recorded. 
These  data  served  to  verify  psychrometer  consistency 
between  the  isothermal  and  nonisothermal  calibration 
methods.  In  virtually  all  cases  the  same  outputs  were 
recorded  for  given  water  potentials  and  temperatures  in 
both  experiments.  The  same  NaCI  solutions  (up  to  1.5  m 
NaCI),  temperature  range,  and  Peltier  cooling  times  were 
used  in  both  the  isothermal  and  nonisothermal  experi- 
ments. 


To  achieve  nonisothermal  conditions  around  the  psy- 
chrometers,  the  sand  column  was  elevated  to  different 
levels  part  way  out  of  the  water  bath.  It  was  found  that, 
with  care,  the  thermal  stability  in  the  sand  column  could 
be  disrupted  and  a  new  temperature  gradient  induced 
while  maintaining  a  fairly  stable  ambient  temperature 
around  the  psychrometers.  The  difference  in  temperature 
between  the  water  bath  and  the  laboratory  room  was 
thus  used  as  the  source  of  temperature  gradients  in  the 
sand  column.  By  adjusting  the  level  of  the  column  in  the 
water,  and  by  tilting  it  to  various  angles,  virtually  any 
magnitude  of  temperature  gradient  could  be  achieved. 
With  these  kinds  of  manipulations,  reasonably  constant 
temperature  gradients  could  be  induced,  as  indicated  by 
the  zero-offset  output  from  the  psychrometers.  Both 
positive  and  negative  zero-offsets  of  large  magnitude 
were  easily  achieved.  As  discussed  by  Michel  (1979), 
positive  zero-offsets  were  generally  indicated  when  the 
sensing  junction  was  cooler  than  the  reference  junctions, 
and  negative  offsets  when  the  sensing  junction  was 
warmer  than  the  reference  junctions,  which  is  the  reverse 
of  how  Wiebe  and  others  (1977)  reported  their  zero-offset 
observations. 

Wiebe  and  others  (1977)  explained  that  the  magnitude 
of  the  zero-offset  only  provides  an  estimate  of  the  magni- 
tude of  temperature  gradients.  They  showed  that  cal- 
culated values  of  temperature  gradients  based  on  the 
thermocouple  thermal  constant  (60  microvolts  per 
degree)  and  the  dimensions  of  the  thermocouple  can  vary 
slightly  from  measured  temperature  gradients.  They 
suggested  that  the  sensing  and  reference  junctions  likely 
respond  to  the  "average"  temperature  of  the  psychrom- 
eter  cavity.  This  explanation  is  quite  plausible  since  the 
two  reference  junctions  may  be  at  different  temperatures 
while  the  sensing  junction  may  be  at  yet  another 
temperature.  Thus,  the  direction  of  heat  movement  within 
the  psychrometer  cavity  can  influence  the  magnitude  of 
the  zero-offset  microvoltage  with  virtually  infinite  varia- 
tions. 

Therefore,  we  did  not  measure  the  actual  temperature 
gradients  within  the  sand  column  with  separate  thermo- 
couples since  such  data  are  of  little  or  no  value  for 
developing  a  predictive  model,  and  since  the  opportunity 
to  do  so  under  field  conditions  is  rarely  available  (except 
where  two  or  more  psychrometers  are  stacked  in  the 
soil).  Rather,  we  relied  on  the  assumption  that,  for  given 
water  potentials  and  ambient  temperatures,  each  level  of 
zero-offset  would  yield  an  error  of  consistent  magnitude. 
Our  preliminary  studies  to  verify  this,  together  with  the 
final  analyses  of  the  data,  showed  that  the  assumption 
was  correct.  However,  of  even  greater  importance  is  the 
fact  that  zero-offsets  and  associated  estimates  of  water 
potential  could  be  repeatedly  reproduced  for  each  set  of 
temperature  and  NaCI  molality  conditions.  Michel  (1979) 
similarly  found  that  zero-offsets  affect  water  potentials  in 
a  predictable  manner,  and  concluded  that  they  can  be 
used  to  correct  the  estimates  of  water  potential  made 
under  thermal  gradients.  Our  data  and  experience 
suggest  that  zero-offsets  alone  are  of  little  value  as 


direct  measures  of  temperature  gradients,  as  originally 
suggested  by  Wiebe  and  others  (1977),  but  are  essential 
for  adjusting  microvolt  outputs  to  correct  estimates  of 
water  potential  directly  affected  by  the  temperature 
gradient. 

An  attempt  was  made  to  allow  the  system  to  achieve  a 
s*able  thermal  gradient  before  data  were  collected,  but 
the  time  required  to  reach  stability  varied  with  different 
temperature  conditions.  Usually  an  hour  or  more  was 
required  to  achieve  stable  temperature  gradients  for  each 
new  position  of  the  sand  column  in  the  water  bath.  When 
a  desired  level  of  temperature  gradient  (or,  more  cor- 
rectly, zero-offset)  was  reached,  the  zero-offset,  water 
potential  estimate  in  microvolts,  and  the  ambient 
temperature  for  each  psychrometer  were  recorded.  Prior 
field  experience  suggested  that  most  observed  zero- 
offsets  commonly  occur  within  the  range  of  about  -60  to 
+  60  microvolts.  These  extremes  of  zero-offset  were 
therefore  selected  as  the  limits  for  the  predictive  model, 
although  occasional  field  observations  may  stray  well 
beyond  these  limits. 

RESULTS  AND  DISCUSSION 
Psychrometer  Responses 

The  psychrometer  calibration  data  collected  under  iso- 
thermal conditions  are  summarized  in  table  2  and  figure 
3  a,  b,  and  c.  Generally  these  data  show  that  the  24  psy- 
chrometers used  here  display  the  same  calibration  char- 
acteristics as  those  of  different  design  and  manufacture 
(Brown  1970;  Meyn  and  White  1972;  Wiebe  and  others 
1971).  The  mean  microvolt  outputs  increase  with  longer 
Peltier  cooling  times  and  with  increasing  temperatures. 
Outputs  increase  from  0  microvolt  at  0  molality  (0  bar 
water  potential)  to  a  maximum  near  1.8  molal  (about -75 
to-90  bars,  depending  upon  temperature),  and  then 
decrease  sharply  beyond  this  point.  Thermocouple  psy- 
chrometers with  similar  design  features  as  those  used 
here  are  most  sensitive  in  the  range  of  0  to  about  -80 
bars,  and  sensitivity  increases  with  temperature.  At  water 
potentials  drier  than  about -80  bars  their  sensitivity 
declines  rapidly,  and  the  variability  among  psychrom- 
eters increases  substantially.  Beyond  the  region  of 
maximum  microvolt  output,  the  variability  among  psy- 
chrometers is  so  great  that  it  is  of  little  or  no  predictive 
interest.  Therefore,  only  the  water  potential  region  of 
maximum  sensitivity  (0  to  about  -80  bars)  was  included  in 
the  predictive  calibration  model.  The  1.9  and  2.0  molal 
data  in  table  2  are  only  included  here  to  illustrate  the 
rapid  decline  in  psychrometer  output  at  these  dry  water 
potentials. 

It  is  interesting  to  note  the  low  microvolt  outputs  for 
the  0  molal  (0  bar)  solution.  Other  workers  have  fre- 
quently reported  small  positive  outputs  of  about  0.2  to 
0.5  microvolt  at  0  bar  water  potential,  presumably  due  to 
water  absorption  on  chamber  walls  or  heating  of  the 
reference  junctions  during  Peltier  cooling  (Meyn  and 
White  1972;  Wiebe  and  others  1971).  We  found  that  the 
theoretical  output  of  0  microvolt  could  be  achieved 
routinely  if  we  adhered  to  scrupulous  cleaning  pro- 
cedures and  long  equilibration  times  of  15  to  20  hours. 
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WATER  POTENTIAL,  BARS 

Figure  3a. --Calibration  curves  for  isothermal 
conditions  with  15-sec  cool  time.  Standard  devia- 
tion shown  for  each  set  of  data. 


WATER  POTENTIAL,  BARS 

Figure  3b.— Calibration  curves  for  isothermal 
conditions  with  30-sec  cool  time.  Standard  devia- 
tion shown  for  each  set  of  data. 
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Table  2. — Summary  of  isothermal  calibration  data  for  each  NaCI  molality,  temperature  (°C),  and  Peltier  cooling  time  (seconds).  Values  shown  are 
in  microvolts.  The  upper  value  in  each  row  is  the  mean  (x)  for  the  24  psychrometers,  and  the  lower  value  is  the  standard  deviation  (sd) 


Temperature  and  coolin 

3  time  (seconds) 

NaCI 

0°C 

7.5  °C 

15°C 

25"C 

35  "C 

molality 

15 

30 

60 

15 

30 

60 

15 

30 

60 

15 

30 

60 

15 

30 

60     j 

0    (x) 

0.00 

0.00 

0.10 

0.00 

0.00 

0.10 

0.10 

0.10 

0.10 

0.00 

0.00 

0.10 

0.00 

0.10 

0.10 

(sd) 

.00 

.00 

.00 

.00 

.00 

.10 

.00 

.00 

.10 

.00 

.00 

.10 

.00 

.00 

10 

0.2  (x) 

1.38 

1.64 

1.82 

2.26 

2.47 

2.61 

2.87 

3.05 

3.28 

4.02 

4.15 

4.47 

4.75 

5.04 

5.33 

(sd) 

.40 

.38 

.37 

.41 

.40 

.37 

.44 

.40 

.40 

.58 

.48 

.45 

.73 

.54 

.50 

0.5  (x) 

3.71 

3.95 

4.17 

5.97 

6.10 

6.41 

7.65 

7.95 

8.27 

10.51 

10.79 

11.12 

13.25 

13.68 

14.03 

(sd) 

.30 

.24 

.24 

.35 

.30 

.27 

.39 

.31 

.21 

.45 

.35 

.26 

.46 

.35 

.22 

0.7  (x) 

5.63 

5.75 

5.85 

7.78 

8.12 

8.40 

10.62 

11.02 

11.33 

14.23 

14.64 

15.04 

18.71 

19.34 

19.73 

(sd) 

.41 

.40 

.42 

.47 

.35 

.31 

.52 

.38 

.30 

.73 

.55 

.44 

.63 

.57 

.41 

1.0  (x) 

7.04 

7.21 

7.55 

10.32 

10.67 

11.10 

14.46 

14.92 

15.35 

20.35 

20.88 

21.62 

25.97 

26.16 

27.23 

(sd) 

.70 

.60 

.53 

.96 

.65 

.48 

.93 

.59 

.48 

.96 

.65 

.56 

.91 

.90 

.52 

1.5  (x) 

9.91 

10.45 

10.96 

14.82 

15.51 

16.14 

20.91 

22.04 

22.30 

29.37 

30.42 

31.33 

38.68 

39.95 

40.79 

(sd) 

.70 

.61 

.53 

.96 

.81 

.75 

1.12 

2.39 

.92 

1.45 

1.20 

1.17 

1.20 

.98 

.97 

1.7  (x) 

10.16 

11.11 

11.81 

15.38 

16.60 

17.50 

21.73 

23.68 

24.81 

30.80 

33.37 

34.94 

39.30 

42.91 

44.94 

(sd) 

.77 

.78 

.74 

1.20 

1.04 

.92 

1.69 

1.30 

1.08 

2.30 

1.43 

1.25 

3.23 

1.83 

1.35 

1.8  (x) 

10.39 

11.56 

12.63 

15.30 

17.13 

18.50 

21.27 

23.88 

25.46 

29.17 

33.40 

35.73 

34.98 

40.93 

44.96 

(sd) 

1.54 

1.27 

1.05 

1.99 

1.62 

1.34 

2.51 

1.87 

1.41 

3.72 

2.62 

1.76 

5.79 

5.20 

3.64 

1.9  (x) 

9.52 

11.17 

12.40 

14.45 

16.78 

18.32 

18.96 

22.45 

24.93 

25.29 

30.29 

33.89 

28.67 

35.57 

40.45 

(sd) 

1.33 

1.18 

.95 

1.91 

1.85 

1.80 

3.56 

3.63 

3.31 

5.63 

5.96 

5.76 

8.56 

9.90 

10.44 

2.0  (x) 

7.26 

9.34 

10.75 

10.81 

12.97 

15.76 

14.19 

17.53 

20.40 

16.00 

19.80 

23.16 

17.78 

20.60 

24.62 

(Sd) 

2.51 

2.46 

2.66 

3.77 

4.32 

4.71 

6.22 

6.85 

7.31 

9.86 

11.36 

12.47 

13,32 

14.97 

16.54 
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WATER  POTENTIAL.  BARS 

Figure  3c— Calibration  curves  for  isothermal 
conditions  with  60-sec  cool  time.  Standard  devia- 
tion shown  for  each  set  of  data. 


The  standard  deviations  (sd)  in  table  2,  and  illustrated 
in  figure  3,  indicate  both  the  variability  among  the  24 
psychrometers  and  the  ranges  of  water  potentials  and 
temperatures  over  which  they  display  their  greatest 
consistency.  Generally  the  psychrometers  were  most 
variable  at  the  extreme  water  potentials  and  at  the  cooler 
temperatures  studied.  However,  in  most  cases  the  stan- 
dard deviations  were  10  percent  or  less  of  the  mean 
outputs  at  water  potentials  ranging  from  about -10  to-80 
bars  throughout  the  temperature  range  studied.  Also, 
longer  Peltier  cooling  times  resulted  in  less  variability. 

The  relationships  between  psychrometer  output  and 
zero-offset  obtained  from  nonisothermal  calibration  were 
established  for  each  temperature  regime,  NaCI  solution 
(up  to  1.5  m),  and  Peltier  cool  time.  An  example  of  one 
such  relationship  for  the  six  psychrometers  used  is  illus- 
trated in  figure  4  for  25°  C  (77°  F)  at  0.5  m  NaCI  using  15- 
sec  Peltier  cool  time.  As  was  typical  for  all  such  relation- 
ships, the  outputs  of  the  six  psychrometers  used  in  the 
nonisothermal  calibration  at  an  offset  of  0  microvolts 
were  within  the  limits  of  ±  1  sd  of  the  mean  output  of  all 
24  psychrometers  calibrated  under  the  same  conditions 
shown  in  table  2.  The  example  in  figure  4  illustrates  that 
under  positive  zero-offset  conditions,  psychrometer  out- 
puts tend  to  be  higher  than  under  isothermal  conditions. 
But,  under  negative  zero-offset  conditions,  outputs  tend 
to  be  lower  than  those  under  isothermal  conditions 
(Wiebe  and  others  1977;  Michel  1979).  This  relationship  is 
strongly  linear  for  all  conditions  studied  with  r2  values 
ranging  between  0.82  and  0.99  (table  3).  The  intercepts 
(b),  slopes  (a),  and  r2  values  of  the  psychrometer  output 
versus  zero-offset  relationship  for  other  water  potentials 
and  temperatures  at  15-sec  cool  time  are  shown  in  table 
3.  Similar  data  were  also  collected  for  the  30-  and  60-sec 
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Figure  4— Relationship  between  psychrometer  output  in  microvolts  and 
zero-offset  at  25°  C  for  0.5  m  NaCI  solution  and  15-sec  cool  time. 


cool  times,  but  the  level  of  sampling  was  not  as  inten- 
sive. 

The  data  in  table  3  clearly  show  a  strong  effect  of 
water  potential  on  slope  over  the  entire  range  of  condi- 
tions sampled.  Except  at  0  bar  water  potential,  the  slopes 
increased  with  increasing  temperature  and  decreasing 
water  potential.  Michel  (1979)  found  this  effect  of 
temperature  but  found  no  effect  of  water  potential. 
Michel  (1979)  studied  narrower  ranges  of  water  potential 
(-5to-20  bars),  temperatures  (20°  to  30°  C  [68°  to  86°  F]), 
and  zero-offsets  (-5  to  +  8  microvolts),  and  it  is  highly 
possible  that  the  effects  of  water  potential  were  masked 
by  the  variability  among  his  observations.  This  leads  to 
the  conclusion  that  psychrometer  output  errors  are  the 
same  at  different  water  potentials.  By  selecting  similarly 
narrow  ranges  within  our  own  data  (see  fig.  4,  between-5 
and  +  8  microvolts  of  zero-offset),  we  were  able  to 
calculate  slope  values  that  resemble  those  presented  by 
Michel  (1979).  It  is  apparent  that  a  clearer  and  more 
accurate  assessment  of  psychrometer  response  is 
possible  when  broader  ranges  of  conditions  are  studied. 
As  a  result,  his  suggestion  that  each  microvolt  of  zero- 
offset  is  accompanied  by  an  error  of  1.75  bars  water 
potential,  although  accurate  for  his  instruments,  does  not 
apply  to  psychrometers  similar  to  those  used  here.  It  is 
now  evident  that  a  fixed  level  of  error  is  not  consistent 
with  how  screen-caged  thermocouple  psychrometers  like 
those  used  in  this  study  respond  to  these  variables. 

The  magnitude  of  errors  in  psychrometer  output 
caused  by  zero-offset  (temperature  gradients)  is  affected 
by  both  temperature  and  water  potential.  The  effect  of 
temperature  is  illustrated  in  figure  5,  wherein  the  slopes 
of  the  curves  relating  output  and  zero-offset  (table  3) 


were  used  to  construct  the  relationship  between  psychro- 
meter error  and  zero-offset.  In  this  illustration,  the  data 
for  the  0.5  m  NaCI  solution  and  the  15-sec  cool  time  are 
displayed  at  temperatures  ranging  from  0°  to  40°  C  (32° 
to  104°  F).  The  y-axis  represents  the  error  in  microvolts  ol 
psychrometer  output  for  the  range  of  zero-offsets  and 
temperatures  studied,  and  shows  that  psychrometer  out- 
puts are  too  high  when  positive  zero-offset  conditions 


Table  3. — Intercepts  (b),  slopes  (a),  and  r2  values  for  psychrom- 
eter microvolt  outout  vs.  zero-offset  for  15-second 
cool  time 


Temperature. 
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°C 
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.011 
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15.000 
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.047 

.065 

r2 
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Figure  5.— Relationship  between  psychrometer  error  in  microvolts  and  zero- 
offset  for  0.5  m  NaCI  and  15-sec  cool  time  for  temperatures  ranging  between 
0°and40°C. 
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prevail,  and  are  too  low  when  negative  zero-offset 
conditions  prevail.  Also,  the  size  of  the  error  is  magnified 
as  the  temperature  increases  from  0°  to  40°  C  (32°  to 
104°  F),  and  as  the  zero-offset  deviates  further  from  0 
microvolts. 

An  example  of  the  effect  of  temperature  gradients 
(expressed  as  zero-offset)  and  water  potential  on 
psychrometer  output  is  shown  in  table  4  for  25°  C  (77°  F) 
and  15-sec  cool  time.  The  number  of  observations  (n) 
shown  for  each  zero-offset  from  0  to  ±60  microvolts 
represents  only  a  small  sample  of  all  the  observations 
made  at  other  temperature  gradients  under  these  condi- 
tions. The  mean  psychrometer  outputs  in  microvolts  (x) 
and  their  corresponding  standard  deviations  (sd) 
illustrate,  for  this  range  of  water  potentials  (0  to  -71 .3 
bars),  the  general  response  and  the  range  of  variability 
that  psychrometers  display  under  temperature  gradient 
conditions.  Under  isothermal  conditions  (0  zero-offset), 
the  data  are  very  similar  to  those  shown  in  table  2  for  the 
same  conditions.  Of  considerable  interest  is  the  apparent 
lack  of  psychrometer  response  to  temperature  gradients 
at  0  bar  water  potential.  This  same  effect  was  noted  at 
the  other  temperature  regimes  studied,  indicating  that 
psychrometers  are  relatively  insensitive  to  temperature 
gradients  (between  ±60  microvolts)  under  saturated 
conditions.  Apparently  vapor  pressure  differences  within 
the  psychrometer  cavity  are  insufficient  to  cause  a 
psychrometer  response  to  temperature  gradients  under 
saturated  conditions.  However,  as  the  water  potential 
declines,  psychrometer  output  progressively  deviates 
from  the  expected  isothermal  output  as  zero-offset  in- 
creases or  decreases  from  0  microvolt  (the  slope  data  in 
table  3  also  show  the  same  effect).  The  same  basic  rela- 
tionships were  also  observed  for  all  other  temperatures 
and  cooling  times  studied.  The  magnitudes  of  deviation 
in  psychrometer  output  from  isothermal  calibration 
values  tend  to  be  greater  at  warmer  temperatures  and 
under  longer  Peltier  cooling  times,  and  are  smaller  at 
cooler  temperatures  and  short  cooling  times. 


The  effect  of  temperature  gradients  (zero-offset)  on 
psychrometer  output  is  highly  complex,  and  yet  bears 
some  rather  subtle  characteristics.  Figure  6  illustrates 
the  0  to  ±60  microvolt  zero-offset  data  from  table  4,  and 
shows  just  how  large  an  error  zero-offset  can  cause  in 
estimates  of  water  potential  with  thermocouple 
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Figure  6.— Effect  of  zero-offset  at  +  60. 
0,  and  -60  microvolts  on  psychrometer 
output  at  25°  C  and  15-sec  cool  time. 


able  4.  —  Effect  of  zero-offset  and  water  potential  on  psychrometer  output  at  25° C  with  15-second  Peltier  cool  time.  Number  of  observations  (n), 
mean  psychrometer  output  in  microvolts  (x),  and  one  standard  deviation  (sd)  are  shown 
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psychrometers.  In  its  simplest  form  a  reading  of  15 
microvolts  under  isothermal  conditions  (for  the  example 
in  fig.  6)  would  indicate  a  water  potential  of  about  -33 
bars.  However,  if  a  temperature  gradient  resulting  in  a 
zero-offset  of  +60  microvolts  existed,  the  actual  water 
potential  for  that  reading  would  only  be-25  bars.  Had  the 
zero-offset  been  ignored  (which  is  a  common  practice), 
an  error  of  8  bars  in  the  estimate  would  have  resulted.  On 
the  other  hand,  if  a-60  microvolt  zero-offset  occurred,  the 
actual  water  potential  would  have  been -47.5  bars, 
resulting  in  an  error  of  about  14.5  bars  if  the  correction 
were  not  made.  The  subtlety  here  is  that  for  a  given  water 
potential,  temperature,  zero-offset,  and  cooling  time,  only 
one  unique  microvolt  output  is  possible  (within  certain 
limits  and  assuming  no  condensation  has  occurred 
within  the  psychrometer).  For  instance,  if  the  water 
potential  was-25  bars  in  the  example  of  figure  6,  an 
output  of  15  microvolts  could  only  occur  if  a  zero-offset 
of  +60  microvolts  also  occurred  simultaneously.  Had 
there  been  no  zero-offset  (isothermal  conditions),  the 
psychrometer  output  could  have  only  been  about  11.5 
microvolts  (±  some  acceptable  level  of  error).  Con- 
versely, if  the  medium  was  at-47.5  bars,  the  psychro- 
meter output  could  only  be  about  20.6  microvolts  if  the 
offset  was  0,  or  15  microvolts  if  it  was  -60. 

The  progressively  diverging  zero-offset  curves  away 
from  the  isothermal  calibration  curve  were  not  entirely 
anticipated.  This  relationship  is  particularly  noticeable  at 
the  extreme  zero-offsets  such  as  those  illustrated  in 
figure  6.  Of  particular  interest  is  the  similarity  of  zero- 
offset  curves  to  isothermal  curves  of  other  temperatures 
relative  to  25°  C  (77°  F).  For  example,  the  +60  and  -60 
microvolt  zero-offset  curves  bear  a  striking  similarity  to 
the  35°  and  15°  C  (95°  and  59°  F)  temperature  curves, 
respectively,  shown  in  figure  3a.  Although  a  comparison 
of  their  relative  slopes  (for  instance, -0.284  at  15°  C 
[59  °  F)  and  -0.289  and  -60  microvolts,  and  -0.482  at  35  °  C 
[95  °  F]  and  -0.51 1  at  +60  microvolts)  shows  they  are  not 
identical,  their  similarity  suggests  a  possible  relation- 
ship. Under  a  positive  zero-offset,  when  the  sensing 
junction  is  cooler  than  the  reference  junctions,  psychro- 
meter sensitivity  (microvolts/bar)  is  enhanced  somewhat 
as  if  temperature  had  been  increased.  But,  under  nega- 
tive zero-offsets,  sensitivity  is  depressed  in  a  similar 
manner  as  if  temperature  had  been  decreased. 

The  validity  of  a  predictive  model  for  thermocouple 
psychrometers  is  based  on  the  assumption  that  the  rela- 
tionships among  temperature,  water  potential,  cooling 
time,  and  temperature  gradients  are  all  reproducible  for 
any  given  similar  psychrometer,  and  that  the  variability 
among  units  is  acceptably  small.  The  data,  such  as  those 
illustrated  in  figures  3,  4,  5,  and  6,  and  those  shown  in 
tables  2.  3,  and  4  appear  to  meet  these  criteria.  Large 
numbers  of  observations  made  with  numerous  psychrom- 
eters, together  with  their  relatively  small  standard 
deviations,  indicate  these  relationships  are  all  highly 
predictable. 


The  Predictive  Model 

The  relationships  between  psychrometer  outputs  in 
microvolts  and  water  potentials  in  bars  form  the  basis  of 
the  predictive  model.  The  data  in  table  2  and  illustrated  ii 
figure  3a,  b,  and  c,  define  the  approximate  limits  of  the 
isothermal  portion  of  the  model.  Generally,  the  model  is 
applicable  within  the  temperature  range  of  0°  to  40°  C 
(32°  to  104°  F)  for  water  potentials  ranging  from  0  to 
about  -80  bars.  The  effects  of  both  Peltier  cooling  time 
between  15  and  60  sec  (for  a  5-ma  current),  and  zero- 
offset  between-60  and  +60  microvolts  are  also  incor- 
porated. Appropriate  power  functions  and  e-transforms 
were  fitted  to  the  data  by  least  squares  methods  (Jensen 
and  Homeyer  1970;  1971;  Jensen  1973,  1976,  1979).  The 
resulting  model  had  an  r2  of  0.99  and  performs  accept- 
ably throughout  the  required  range  of  imposed 
conditions. 

The  overall  modeling  rationale  was  one  of  expressing 
microvolts  (MV)  as  a  calibrated  function  of  water  poten- 
tial in  bars  (WP),  temperature  in  degrees  centigrade 
(Temp),  and  length  of  Peltier  cooling  time  (Sec).  The  re- 
sulting function  was  then  solved  for  WP,  the  final  item  ol 
predictive  interest. 

For  each  of  the  15  temperature  and  cooling  time 
combinations,  the  curves  of  microvolts  over  water 
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Figure  7.— Generalized  relationship 
between  microvolt  output  and  water 
potential  showing  the  relative  posi- 
tions of  the  curve  peak  (SP)  and  the 
scaled  difference  (Ul)  in  microvolts  at 
peak  height. 
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potential  were  clearly  defined  by  the  array  of  observation 
means.  All  15  trends  were  smoothed  manually  (fig.  3a,  b, 
and  c)  and  the  entire  relationship  was  described  mathe- 
matically. Each  curve  over  water  potential  was  of  the 
composite  form:  height  of  the  peak  (upper  intercept,  Ul), 
minus  a  relatively  flat  power  function  (1.18  <  N  <  1.36)  of 
the  absolute  difference  between  the  point  in  water  poten- 
tial at  which  the  curve  peaked  (SP)  and  some  specified 
WP  (for  example,  |SP- WP|N)  (fig.  7);  scaled  to  the  dif- 
ference between  Ul  and  zero  ( =  Ul),  for  example 
(UI/|SP|N)  *  |SP  -  WP|N,  or  in  total, 

MV  =  Ul  -  (UI/|SP|N)  *  |SP  -  WP|N  (1) 

The  inputs  N,  Ul,  and  SP  in  equation  1  were  found  to 
vary  over  both  temperature  and  time.  For  example,  N 
varied  sigmoidally  over  temperature  (fig.  8)  as  follows: 


1.18  +  0.185 


(40-Temp) 


40 


1-1 


-e 


® 


,.,-(-)' 


J(2) 


where  the  inflection  point  ( I)  varied  as  a  power  func- 
tion over  time,  so  that 

I  =  0.45  +  0.000333(Sec)  +  (1.9846  x  10 "19) 

*  (Sec)10,  (3) 

and  M  varied  as  a  sigmoid  over  time, 


M  =  2.5  +  e 


(60 -Sec) 
60 


0.405 


3  0 


Ul  varied  as  a  flat  power  function  over  temperature, 
such  that 

Ul  =  INT,  +  0.017288  *  YP,  *  (Temp)1  1 

where  INT1  and  YP1  change  over  time; 

INT,  =  12.1- 0.003475  (60-Sec)163 
and 

YP,  =  39.2 -0.0004346  (60-Sec)245 


(4) 

(5) 
(6) 

(7) 


The  point  in  the  range  of  WP  at  which  the  curves  peak 
(SP)  varied  as  a  flat  power  function  of  temperature,  where 


SP  =  INT2  -YP2  *  0.00017185  (40-Temp)235 
where  INT2  and  YP2  changed  over  time  so  that; 


INT 


2    ~ 

and 


-0.0002579  (60-Sec)27 


YP2  =  8.4  +  2.734  x  107  (60-  Sec)397 


(8) 

(9) 
(10) 


The  model  to  this  point  is  applicable  only  under  iso- 
thermal conditions.  Where  temperature  gradients  exist, 


microvolt  readings  are  either  increased  or  decreased 
from  those  with  no  gradient,  depending  upon  the  extent 
of  the  gradient  and  its  direction.  A  measure  of  difference 
and  direction  is  available  in  zero-offset  microvolts  (OMV). 
quantified  in  figure  5  as  to  its  effect  on  the  microvolt 
reading.  Note  that  the  effect  changes  with  the  average 
temperature  of  the  medium.  For  convenience,  this  effect 
is  called  zero-offset  error  (ZOE)  and  is  described  mathe- 
matically from  figure  5  as: 


ZOE  =  0.015  (OMV)  +   0.001471  (TEMP)  (OMV) 


in- 


Correction  of  ZOE  to  that  for  cooling  times  other  than 
15  sec  is  provided  by  the  ratio 

(MVS/MV15)  •  ZOE, 

where  MVS  is  the  MV  for  whatever  temperature  and 
cooling  time  is  specified,  and  MV15  is  the  MV  at  the  same 
temperature  and  at  the  15-sec  cooling  time.  Both  MVS 
and  MV15  were  collected  at  WP  =  -22.5  bars.  A  water 
potential  of  -22.5  bars  is  a  compromise  between  the 
extremes  of  the  entire  water  potential  range  studied,  and 
represents  the  point  at  which  the  zero-offset  effects  were 
studied  in  the  laboratory.  Since  the  effects  of  zero-offset 
on  psychrometer  output  are  linearly  related  to  changes  in 
temperature,  they  are  proportional  at  any  water  potential 
and  temperature  to  an  arbitrarily  fixed  point,  here  set  at 
-22.5  bars. 
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Figure  8.  — Sigmoid  relationship 
between  N  and  temperature  for  0°  to 
40°  C. 
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The  isothermal  MV  in  equation  1  is  then  multiplied  by 
the  ratio  1  /C  to  arrive  at  MV  corrected  for  ZOE,  where 


MVS  + 


C  = 


ZOE 


(12) 


MVS 


and  where  C  now  provides  a  proportional  correction  to 
MV  for  any  combination  of  WP,  Temp,  or  Sec.  Note  that 
when  ZOE  is  negative,  C  will  be  less  than  1.0,  and  MV  in 
MV/C  becomes  larger  to  compensate  for  the  negative 
errors  (fig.  5).  When  ZOE  is  positive,  C  will  be  greater  than 
1.0  and  MV  in  MV/C  becomes  smaller  to  compensate  the 
positive  errors. 

Finally,  having  multiplied  the  left  side  of  equation  1  by 
1/C  to  arrive  at  MV/C,  we  solved  the  resulting  equation  for 
observed  microvolts  (applicable  under  either  isothermal 
or  nonisothermal  conditions), 


MV  = 


ui.c-f-w^y 

VisPiV 


ISP-WPf 


(13) 


where, 


|SP-WPf  = 


[(Ul  *  Q-MV] 

A^c\ 

Vispin  ) 


(14) 


/\ 


thus,  the  predicted  water  potential  (WP)  can  be  solved  as 


WP  -- 


I 


|SP|N  *  ((Ul  *  C)-MV) 


Ul  *  C 


gisp) 


(-1) 


(15) 


within  the  limits  SP  <  WP  <  0. 

The  following  parameters  must  be  supplied  to  predict 
water  potential  with  the  model: 

MV  =  microvolts  psychrometer  output, 

OMV  =  zero-offset  (-60  to  +60  MV), 

Temp  =  temperature  (0°  to  40°  C),  and 

Sec  =  seconds  cooling  time  (15  to  60  sec). 

A  program  of  the  predictive  model  in  FORTRAN  and 
BASIC  is  presented  in  appendix  I,  together  with  a  list  of 
programing  steps.  We  have  successfully  used  the 
Monroe  Model  1880,  the  Hewlett-Packard  9845B  desk-top 
computer,  and  the  Amdahl  470  V/6-II  to  predict  water 
potentials  over  the  entire  range  of  the  model.  A  limited 
computer  printout  of  predicted  water  potentials  is  pre- 
sented in  appendix  II  for  cooling  times  of  15,  30,  and  60 
seconds  and  for  the  temperature  range  of  0°  to  40°  C 
(32  °  to  104  °  F),  with  psychrometer  output  in  microvolts  for 
zero-offsets  ranging  from -60  to  +60  microvolts. 

The  model  is  represented  in  three-dimensional  form  in 
figure  9  for  the  60-sec  cool  time  only.  The  relationships 
among  the  various  factors  are  represented  as  surfaces 
for  the  extreme  limits  of  zero-offset  (from  -60  to  +  60 


WATER  POTENTIAL  (B 


Figure  9.— Three-dimensional  representation  of 
model  characteristics  showing  the  relationships 
among  water  potential,  microvolt  output,  tempera- 
ture, and  zero-offset  for  60-sec  cool  time.  Shorter 
cooling  times  are  not  shown  because  of  their 
relatively  small  effect. 


microvolts).  Shorter  cooling  times  would  slightly  lower 
the  slopes  of  each  surface,  but  the  total  effect  is  too 
small  to  illustrate  effectively  at  the  scale  shown.  This 
illustration  shows  the  limits  of  the  data  in  appendix  II  as 
well  as  the  relative  shapes  of  the  surfaces  for  the  condi- 
tions represented  by  the  model. 

Model  Verification 

The  general  form  and  internal  scales  of  the  various 
relationships  used  in  the  model  are  presumed  to  apply  to 
any  individual  or  group  of  psychrometers  similar  to  those 
used  here.  Uncorrected  estimates  of  water  potential  by 
the  model  have  been  found  quite  reasonable,  even  for 
psychrometers  not  previously  used.  In  fact,  the  iso- 
thermal portion  of  the  model  (under  conditions  of  0  zero- 
offset)  appears  to  estimate  water  potentials  quite  ade- 
quately for  virtually  all  designs  of  chromel-constantan 
psychrometers,  including  screen-caged,  ceramic  cup,  and 
Teflon  or  stainless  steel  end-window  types.  However,  the 
nonisothermal  portions  of  the  model  (used  when  zero- 
offsets  occur)  may  be  more  applicable  for  screen-caged 
units. 

Nevertheless,  the  model  contains  some  bias  peculiar 
to  the  group  of  psychrometers  used  in  its  development, 
and  to  the  process  of  hand-fitting  the  curves  to  the  data 
points.  It  is  expected  that  the  predictability  of  the  model 
would  be  strengthened  if  the  bias  were  eliminated  or 
reduced  by  employing  a  correction  coefficient  that  would 
adjust  for  the  unique  characteristics  of  the  specific 
psychrometer  or  group  of  psychrometers  to  be  used  in  a 
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given  application.  A  ratio  of  the  actual  water  potential  (or 
sum  of  actual  water  potentials  where  a  group  of  psy- 
chrometers  is  used)  to  that  estimated  by  the  model 
provides  a  convenient  correction  coefficient.  Thus. 


B   = 


IWP 


SWP 


(16) 


where  B  is  the  correction  coefficient,  IWP  is  the  sum  of 
actual  water  potentials  (of  NaCI  solutions  used  in  cali- 
bration), and  IWP  is  the  sum  of  estimated  water  poten- 
tials by  the  model  for  the  microvolt  outputs  of  the  psy- 
chrometers  being  used.  Model  bias  is  then  adjusted  for 
that  particular  data  set  by 


WP 


ad 


=    B 


WP 


(17) 


where  WPadj  is  the  adjusted  water  potential  in  bars. 
When  B  =  1.0,  the  model  estimate  of  water  potential  is 
identical  to  the  actual  value;  but  when  B  is  less  than  1.0, 
the  model  is  estimating  a  drier  water  potential;  and  when 
B  is  greater  than  1.0,  it  is  estimating  a  wetter  water 
potential.  The  adjustment  is  accomplished  by  multiplying 
the  estimated  water  potential  by  B  (equation  17). 

Theoretically,  psychrometers  of  uniform  physical  and 
chemical  structure  would  all  respond  to  water  potentials 
and  temperatures  identically,  and  hence  could  be 
modeled  more  accurately.  Unfortunately,  psychrometers 
are  not  all  identical;  each  has  its  own  unique  character- 
istics. Therefore,  it  is  probably  unrealistic  to  expect  that 
the  water  potential  of  any  psychrometer  can  be  predicted 
with  great  accuracy  throughout  its  entire  range  of  sen- 
sitivity, regardless  of  the  correction  coefficient  used. 
However,  it  is  expected  that  model  adjustments  like 
those  shown  in  equation  17,  made  either  for  each  indi- 
vidual or  for  an  entire  group  of  psychrometers,  will  pro- 
vide readily  acceptable  levels  of  accuracy  (at  least  within 
the  limits  normally  obtained  from  hand-drawn  calibration 
curves). 

The  relative  conformity  of  water  potentials  estimated 
by  the  model  with  those  of  the  NaCI  solutions  (actual) 
used  in  calibration  was  assessed  in  two  stages:  (1)  for 
the  isothermal  data  of  the  original  24  psychrometers,  and 
(2)  for  both  the  isothermal  and  nonisothermal  data  from  a 
different  set  of  psychrometers  not  previously  used.  The 
ability  of  the  model  to  estimate  water  potentials  from 
thermocouple  psychrometer  outputs  over  the  ranges  of 
temperature,  zero-offset,  and  cool-time  durations  speci- 
fied was  determined. 

Verification  of  the  Isothermal  Model 

Comparisons  of  the  actual  and  estimated  water  poten- 
tials under  isothermal  conditions  over  the  temperature 
and  water  potential  ranges  studied  are  provided  in  table 
5a,  b,  and  c  for  the  15-,  30-,  and  60-sec  cool  time  dura- 
tions, respectively.  Actual  water  potentials  are  those  of 
the  NaCI  solutions,  and  the  estimated  water  potentials 
are  those  predicted  by  the  model  from  the  mean  micro- 
volt outputs  shown  in  table  2.  The  adjusted  estimates  of 
water  potential  were  calculated  for  each  cooling  time 
duration  for  all  temperatures  and  NaCI  solutions  between 
0.2  and  1.7  molal.  The  correction  coefficient  from  equa- 
tion 16  was  calculated  as  the  ratio  of  the  sum  of  all 


actual  water  potentials  to  the  sum  of  all  estimated  water 
potentials  for  each  cooling  time. 

Separate  correction  coefficients  (B  values)  could  have 
been  calculated  for  each  NaCI  solution  and  temperature, 
which  would  likely  have  reduced  or  eliminated  the  dif- 
ference between  the  actual  and  adjusted  estimates. 
However,  this  would  be  impractical  for  most  applications 
since  psychrometers  are  rarely  used  exclusively  for  a 
given  set  of  water  potential  and  temperature  conditions. 
Under  most  situations  it  is  not  known  beforehand  what 
conditions  a  psychrometer  will  encounter;  hence  the  cor- 
rection coefficient  for  a  specified  cooling  time  duration  is 
more  practical. 

The  departures  between  the  actual  and  estimated 
water  potentials  in  table  5a,  b,  and  c  represent  bias  in  the 
model  (for  example,  variability  among  the  24  psychrom- 
eters used  to  develop  the  isothermal  model,  imprecise 
hand  fitting  of  curves  to  the  data,  and  any  errors  that 
may  have  occurred  in  calibration  or  other  procedures). 
The  adjusted  estimate  effectively  reduces  (and  in  some 
cases  nearly  eliminates)  the  departure  from  the  actual 
water  potential  for  the  particular  set  of  psychrometers 
used.  However,  a  new  adjusted  estimate  may  be  required 
for  another  group  of  instruments  to  minimize  such 
departures.  Had  the  data  throughout  the  tables  been  cal- 
culated for  any  one  psychrometer  only,  the  departures 
between  actual  and  adjusted  estimates  would  have  all 
been  relatively  small.  Although  model  bias  can  be  mini- 
mized substantially  in  some  cases  by  adjusting  the  data 
for  each  individual  psychrometer,  it  may  be  more  practi- 
cal to  treat  an  entire  population  together  in  cases  where 
large  numbers  of  units  are  required.  In  such  instances 
the  departures  between  the  actual  and  estimated  water 
potential  can  be  minimized  by  carefully  selecting  psy- 
chrometers with  similar  calibration  characteristics. 

The  differences  between  the  actual  water  potentials 
and  those  estimated  by  the  model  in  table  5a,  b,  and  c 
were  entirely  expected  as  a  result  of  the  hand-fitting 
procedures  used.  It  is  particularly  reassuring,  however, 
that  the  model  estimates  can  be  adjusted  with  such 
precision.  The  sums  listed  below  of  the  actual, 
estimated,  and  adjusted  estimates  of  water  potential  for 
each  cooling  time  from  the  tables  illustrate  how 
equations  16  and  17  can  be  used  to  adjust  the  model 
output  for  a  group  of  psychrometers. 


Table  5a 

Table  5b 

Table  5c 

(15  sec) 

(30  sec) 

(60  sec) 

2  actual 

1270.56 

1270.56 

1270.56 

S  estimated 

1236.23 

1276.48 

1284.11 

I  act./  X  est. 

1.02777 

0.99536 

0.9894 

I  adj.  est. 

1270.50 

1270.50 

1270.54 

Departure 

(1  act.  -iadj.  est.) 

0.06 

0.06 

0.02 

The  ratio  of  the  sum  of  the  actual  to  the  sum  of  the  esti- 
mated water  potentials  is  the  correction  coefficient  used 
to  compute  the  adjusted  estimated  water  potential  for 
each  cooling  time.  The  departures  between  the  actual 
and  the  adjusted  estimates  represent  rounding-off  errors 
in  the  computations.  Note  that  the  corrections  required  are 
relatively  small;  the  largest  is  only  2.77  percent  (for  the 
15-sec  cool  time) 
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ble  5a.— Actual  water  potentials  (bars)  of  NaCI  solutions  with  15-second  cool  time,  estimated  water  potentials  by  the  model,  the  adjusted- 
estimate  of  water  potential,  and  the  ratio  of  the  actual  to  the  adjusted-estimate  for  isothermal  conditions 


NaCI 

Water 

Temperature 

molality 

potential 

0°C 

7.5  °C 

15°C 

25  °C 

35  °C 

actual 

8.36 

8.60 

8.84 

9.15 

9.46 

0.2 

estimated 

7.06 

8.01 

7.77 

8.62 

8.16 

adj.  est. 

7.26 

8.26 

7.99 

8.92 

8.39 

ratio 

1.152 

1.041 

1.106 

1.026 

1.128 

actual 

20.70 

21.36 

22.00 

22.81 

23.62 

.5 

estimated 

19.68 

21.99 

21.38 

23.04 

23.21 

adj.  est. 

20.23 

22.60 

21.97 

23.68 

23.70 

ratio 

1.023 

.945 

1.001 

.963 

.997 

actual 

29.01 

29.98 

30.91 

32.10 

33.28 

7 

estimated 

31.00 

29.30 

30.38 

31.68 

33.26 

adj.  est. 

31.86 

30.11 

31.22 

32.57 

34.18 

ratio 

.911 

.996 

.990 

.986 

.974 

actual 

41.69 

43.18 

44.59 

46.40 

48.15 

1.0 

estimated 

40.12 

40.37 

42.94 

46.72 

47.28 

adj.  est. 

41.24 

41.99 

44.74 

47.85 

47.44 

ratio 

1.011 

1.028 

.997 

.970 

1.015 

actual 

63.59 

66.06 

68.37 

71.34 

74.11 

1.5 

estimated 

63.74 

64.91 

69.22 

73.00 

75.91 

adj.  est. 

65.51 

66.71 

72.79 

74.66 

78.02 

ratio 

.971 

.990 

.939 

.956 

.950 

actual 

72.60 

75.50 

78.20 

81.70 

84.90 

1.7 

estimated 

—  * 

—  * 

—  * 

—  * 

—  * 

adj.  est. 

— 

— 

— 

— 

— 

ratio 

— 

— 

— 

— 

— 

eyond  the  range  of  the  model. 

3ble  5b.— Actual  water  potentials  (bars)  of  NaCI  solutions  with  30-second  cool  time,  estimated  water  potentials  by  the  model,  the  adjusted- 
estimate  of  water  potential,  and  the  ratio  of  the  actual  to  the  adjusted-estimate  for  isothermal  conditions 


NaCI 

Water 
potential 

Temperature 

molality 

0°C 

7.5°C 

15°C 

25  °C 

35  °C 

actual 

8.36 

8.60 

8.84 

9.15 

9.46 

0.2 

estimated 

8.41 

8.71 

8.19 

8.68 

8.44 

adj.  est. 

8.37 

8.67 

8.15 

8.64 

8.40 

ratio 

0.999 

.992 

1.106 

1.059 

1.126 

actual 

20.70 

21.36 

22.00 

22.81 

23.62 

.5 

estimated 

20.96 

22.25 

21.98 

23.06 

23.33 

adj.  est. 

20.86 

22.15 

21.88 

22.95 

23.22 

ratio 

.992 

.964 

1.005 

.994 

1.017 

actual 

29.01 

29.98 

30.91 

32.10 

33.28 

.7 

estimated 

31.49 

30.28 

31.13 

31.74 

33.44 

adj.  est. 

31.34 

30.14 

30.98 

31.59 

33.28 

ratio 

.926 

.995 

.998 

1.016 

1.000 

actual 

41.69 

43.18 

44.59 

46.40 

48.15 

1  0 

estimated 

40.74 

41.14 

43.53 

46.56 

46.16 

adj.  est. 

40.55 

40.95 

43.33 

46.34 

45.94 

ratio 

1.028 

1.054 

1.029 

1.001 

1.048 

actual 

63.59 

66.06 

68.37 

71.34 

74.11 

1.5 

estimated 

66.17 

66.09 

70.83 

72.64 

75.14 

adj.  est. 

65.86 

65.78 

70.50 

72.30 

74.79 

ratio 

.966 

1.004 

.970 

.987 

.991 

actual 

72.60 

75.50 

78.20 

81.70 

84.90 

1.7 

estimated 

74.44 

73.95 

80.17 

83.68 

83.17 

adj.  est. 

74.09 

73.60 

79.79 

83.29 

82.78 

ratio 

.980 

1.026 

980 

.981 

1.026 
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able  5c. — Actual  water  potentials  (bars)  of  NaCI  solutions  with  60-second  cool  time,  estimated  water  potentials  by  the  model   the  adju 
estimate  of  water  potential,  and  the  ratio  of  the  actual  to  the  adjusted-estimate  for  isothermal  conditions. 


NaCI 

Water 
potential 

Temperature 

molality 

0°C 

7.5  °C 

15°C 

25  C 

35  "C 

actual 

8.36 

8.60 

8.84 

9.15 

9.46 

0.2 

estimated 

8.96 

8.97 

8.83 

9.32 

8.72 

adj.  est. 

8.87 

8.87 

8.74 

9.22 

8.63 

ratio 

.943 

.969 

1.011 

.992 

1.096 

actual 

20.70 

21.36 

22  00 

22.81 

23.63 

.5 

estimated 

21.19 

22.76 

22.81 

23.61 

23.36 

adj.  est. 

20.97 

22.52 

22.57 

23.36 

23.11 

ratio 

.987 

.948 

.975 

.976 

1.022 

actual 

29.01 

29.98 

30.91 

32.10 

33.28 

.7 

estimated 

30.54 

30.42 

31.79 

32.32 

33.27 

adj.  est. 

30.22 

30.10 

31.45 

31.98 

32.92 

ratio 

.960 

.996 

.983 

1.004 

1.011 

actual 

41.69 

43.18 

44.59 

46.40 

48.15 

1  0 

estimated 

40.72 

41.49 

44.27 

47.59 

46.85 

adj.  est. 

40.29 

41.54 

43.80 

47.09 

46.35 

ratio 

1.035 

1.039 

1.018 

.985 

1.039 

actual 

63.59 

66.06 

68.37 

71.34 

74  11 

l  5 

estimated 

65.50 

65.93 

69.00 

72.80 

74.16 

adj.  est. 

64.81 

65.23 

68.26 

72.03 

73  37 

ratio 

.981 

1.013 

1.002 

.990 

1.010 

actual 

72.60 

75.50 

78.20 

81.70 

84.90 

1  7 

estimated 

74.48 

74.70 

80.73 

84.59 

84.49 

adj.  est. 

73.69 

73.91 

79.87 

83.69 

83.59 

ratio 

.985 

1.022 

.979 

.976 

1.016 

In  general,  the  data  in  table  5a,  b,  and  c  show  that  the 
greatest  proportional  bias  in  the  isothermal  model  occurs 
at  the  highest  water  potentials  (0.2  m  NaCI)  for  all  tem- 
peratures between  0°  to  35°  C  (32°  to  95°  F).  Other  than 
at  0.2  m  NaCI,  there  appears  to  be  no  consistent  effect  of 
water  potential,  or  of  temperature,  on  the  difference 
between  the  actual  and  the  adjusted  estimate  of  water 
potential.  The  departure  between  these  two  quantities 
generally  is  less  as  cooling  time  duration  increases  from 
15  sec  to  60  sec,  but  the  relationship  is  not  always 
consistent  for  every  set  of  conditions.  However,  these 
data  do  show  that  favorable  adjustments  of  the  esti- 
mated water  potentials  can  be  made  by  use  of  the  sug- 
gested correction  coefficient,  and  that  such  adjustments 
will  reduce  model  bias  in  estimating  water  potential  of  a 
population  of  psychrometers. 


Verification  of  the  Entire  Model 

The  performance  of  the  model  and  the  relative  effec- 
tiveness of  the  correction  coefficients  for  adjusting  esti- 
mated water  potentials  were  evaluated  to  verify  the 
applicability  of  the  model.  Eight  randomly  selected  psy- 
chrometers that  had  not  previously  been  used  were  cali- 
brated over  the  same  ranges  of  conditions  for  which  the 
model  was  developed.  The  model  was  then  used  to  gen- 
erate estimated  water  potentials  for  each  set  of  condi- 
tions based  on  the  microvolt  outputs  from  these  psy- 
chrometers. Table  6a,  b,  and  c  shows  the  values  for 
actual,  estimated,  and  adjusted-estimated  water  poten- 
tials for  each  temperature.  NaCI  molality  zero-offset  (  +  60 
0,  -60  microvolts),  and  cooling  time  duration.  Correction 
coefficients  were  computed  from  equation  16  for  each 
cooling  time  and  were  then  used  to  calculate  the 
adjusted-estimate  of  water  potential  using  equation  17. 
similar  to  the  procedures  described  above. 
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Table  6a 

Table  6b 

Table  6c 

(15  sec) 

(30  sec) 

(60  sec) 

270.56 

1270.56 

1270.56 

237.38 

1281.04 

1288.59 

1.02681 

.99182 

.98601 

270.56 

1270.58 

1270.55 

00 


-.02 


.01 


The  sums  of  the  actual,  estimated,  and  adjusted  esti- 
mates of  water  potential,  together  with  the  correction 
coefficients  and  departures  for  table  6a,  b,  and  c  are 
listed  below. 


I  actual 

I  estimated 

I  act. /I  est. 

1  adj.  est. 

Departure 

(I  act.-I  adj.  est.) 

Note  that  only  the  data  for  0  zero-offset  was  used  to 
compute  the  correction  coefficients  in  each  table  in  order 
to  test  the  adjustment  procedure  at  the  extreme  zero- 
offsets.  Under  normal  circumstances,  most  users  would 
calibrate  their  psychrometers  for  isothermal  conditions 
only,  and  would  rely  on  model  adjustment  with  the  cor- 
rection coefficient  to  remedy  any  model  bias  where  zero- 
offsets  occur.  This,  for  example,  results  in  reasonably 
small  departures  between  the  actual  and  adjusted  esti- 
mates of  water  potential  in  table  6.  However,  even 
smaller  departures  should  result  on  the  average,  when 
the  ratio  applied  is  based  on  all  the  data  in  the  tables, 
including  +60  and  -60  microvolts.  Such  computations 
are  shown  below  to  demonstrate  the  slightly   smaller 
ratios. 

Table  6a        Table  6b        Table  6c 
(15  sec)         (30  sec)         (60  sec) 

I  actual  3258.38  3811.68  3663.58 

I  estimated  3218.31  3806.98  3676.11 

I  act. /I  est.  1.01245  1.00123  .99659 

I  adj.  est.  3258.38  3811.66  3663.57 

Departure 

(I  act. -I  adj.  est.)  .00  -  02  -.01 

It  is  somewhat  questionable,  however,  for  a  user  to  go 
through  the  elaborate  calibration  under  nonisothermal 
conditions,  particularly  in  view  of  the  relatively  small 
errors  that  would  result  from  isothermal  calibration  alone. 

The  data  in  table  6  show,  in  general,  that  the  greatest 
bias  in  the  model  occurs  at  the  extremes  of  the  water 
potential  ranges  studies  (0.2  m  and  1.7  m  NaCI).  The 
adjusted-estimates  of  water  potential  are  usually  within 
±5  percent  of  the  actual  values,  even  for  the  extreme 
ends  of  the  water  potential  and  zero-offset  ranges 
studied.  However,  the  isothermal  data  are  generally  pre- 
dicted more  precisely  than  either  zero-offset  extreme.  The 
largest  departure  of  the  adjusted-estimate  from  the  actual 
water  potential  is  9.26  bars,  and  occurs  for  the  +60 
microvolt  zero-offset  at  60-sec  cool  time,  35°  C  (95°  F) 
and  1.7  m  NaCI  (table  6c).  Overall  the  -60  microvolt  zero- 
offset  data  tend  to  depart  most  from  the  actual  water 
potential  (the  largest  departure  here  is  in  table  6a,  for  the 
15-sec  cool  time  at  15°  C(59°  F)  for  the  0.2  m 
NaCI  solution).  Because  of  bias,  the  model  tends  to  pre- 
dict lower  water  potentials  than  the  actual  values  at  the 
extreme  zero-offsets,  and  yields  adjusted  estimates  that 
are  also  slightly  lower.  Illustrating  this  point  is  the 
majority  of  lower  adjusted  estimate  values  than  actual 
ones  in  table  6a  for  the  +  60  and  -60  microvolt  zero-offset 
data. 


Although  overall  trends  in  the  data  for  each  cooling 
time  duration  are  probably  most  meaningful,  inconsis- 
tencies for  any  one  data  set  are  abundant  in  table  6.  For 
example,  in  table  6a  (15-sec  cooling  time  duration),  the 
1.5  m  NaCI  solution  at  7.5°  C  (45.7°  F)  data  show  that  the 
two  extreme  zero-offset  water  potentials  were  predicted 
more  precisely  than  the  0  zero-offset  water  potential, 
even  though  the  reverse  appears  to  be  the  general  rule 
for  the  data  set  as  a  whole.  These  readily  apparent 
anomalies  reflect  the  variability  among  psychrometers 
when  calibrated  in  groups  where  the  data  are  averaged. 
Because  this  variability  is  retained,  even  after  adjustment 
with  the  correction  coefficient,  adjusted  estimates  of 
water  potential  can  be  expected  to  differ  from  actual 
values.  This  effect  tends  to  suggest  that  psychrometers 
should  be  treated  as  individuals  rather  than  averaged  in 
large  groups.  However,  the  intended  application  and 
desired  level  of  precision  required  should  form  the  basis 
for  that  decision.  If  the  level  of  precision  achieved  in 
table  6  is  sufficient  for  the  given  application,  then  that 
method  of  calibration  should  be  used.  The  time  and 
expense  of  converting  raw  microvolt  data  are  greatly 
reduced  when  psychrometers  can  be  calibrated  and 
treated  in  groups. 

The  variability  among  psychrometers  and  model  bias  is 
lessened  as  the  cooling  time  duration  is  increased  from 

15  sec  to  60  sec  (table  6a,  b,  c).  Adjusted  estimates  of 
water  potential  for  isothermal  data  tend  to  lie  within  ±3 
percent  of  the  actual  values  regardless  of  cooling  time 
duration.  However,  the  zero-offset  data  show  a  relatively 
strong  effect  of  increased  cooling  time  duration  wherein 
water  potentials  are  generally  underestimated  at  15  sec 
(table  6a)  and  only  slightly  overestimated  at  60  sec  (table 
6c).  In  general,  30-sec  cooling  time  duration  (table  6b) 
appears  to  provide  the  best  estimates  of  water  potential 
in  terms  of  departure  between  the  actual  and  adjusted 
estimates. 

The  data  in  table  6  show  that  the  model  adequately 
(within  ±  1  sd)  predicts  water  potentials  of  psychrometers- 
that  were  not  used  in  its  development.  Further,  these 
data  show  that  the  correction  coefficient  from  equation 

16  provides  a  simple  and  relatively  accurate  method  of 
adjusting  the  model  estimates  for  any  given  data  set. 
Estimates  of  water  potential  under  isothermal  conditions 
appear  to  be  quite  accurate  for  either  large  groups  (table 
5)  or  small  groups  (table  6)  of  psychrometers.  Water 
potential  estimates  for  nonisothermal  conditions, 
although  perhaps  not  as  accurate  as  those  for  iso- 
thermal conditions,  appear  to  be  adequate  when  a  longer 
cooling  time  is  employed.  Although  only  data  for  the 
extreme  zero-offset  conditions  are  displayed  ( +  60  and 
-60  microvolts),  these  represent  the  maximum  expected 
departures  from  actual  water  potentials,  and  hence  the 
"worst  possible"  case.  On  the  other  hand,  zero-offset 
data  closer  to  0  microvolt  tend  to  deviate  less,  and  thus 
are  less  variable  than  those  at  +60  and  -60  microvolts. 


Table  6a. —  Actual  water  potentials  (bars)  ot  NaCI  solutions  with  15second  cool  time,  estimated  water  potentials  by  the  model,  the  ad/usted- 
estimate  ot  water  potential,  and  the  ratio  ot  the  actual  to  the  ad/ustedestimate  tor  +  60,  0,  and  -  60  microvolt  of  zerooftset  tor  eight 
new  psychrometers 


Water 
potential 

Temperature 

NaCI 

0°C 

7.5°C 

15°C 

25  "C 

35  X 

molality 

+  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60 

actual 

8.36 

8.36 

8.36 

8.60 

8.60 

8.60 

8.84 

8.84 

8.84 

9.15 

9.15 

9.15 

9.46 

9.46 

946 

0.2 

estimated 

8.75 

7.51 

8.16 

9.05 

8.58 

8.84 

9.58 

8.49 

9.78 

9  14 

8.73 

9.38 

9.45 

8.48 

897 

adj.  est. 

8.94 

7,67 

834 

9.25 

8.77 

9.03 

9.79 

8.69 

10.00 

9.34 

8.92 

959 

9.66 

867 

9.17 

ratio 

935 

1  090 

1.002 

0.930 

.981 

.952 

903 

1.017 

.884 

.980 

1.026 

.954 

.979 

1.091 

1.032 

actual 

20.70 

20.70 

20.70 

21.36 

21.36 

21.36 

22.00 

22.00 

2200 

22.81 

22.81 

22.81 

2362 

23.62 

2362 

5 

estimated 

19.89 

1963 

21.01 

22  15 

22.50 

21.95 

23.08 

21.77 

2228 

22.36 

22.79 

21.63 

2285 

22.99 

22.84 

adj.  est. 

20.33 

20.06 

21.47 

22.63 

22.99 

22.43 

23.59 

22.24 

22.77 

22.85 

23.29 

22.11 

23.35 

23.50 

23.34 

ratio 

1.018 

1  032 

.964 

944 

.929 

.952 

933 

.989 

.966 

.998 

.979 

1.032 

1.012 

1  005 

1.022 

actual 

29.01 

2901 

29.01 

29.98 

29.98 

29.98 

30.91 

3091 

30.91 

32.10 

32.10 

32.10 

33  28 

33.28 

33,28 

.7 

estimated 

29.64 

30.00 

3002 

29  39 

29.80 

30  80 

31.46 

30.63 

32  21 

32.44 

32.00 

33.81 

32.81 

32.77 

3297 

adj.  est. 

30.30 

30.66 

30.68 

30.04 

30.46 

31  47 

32  15 

31.31 

32.92 

33.15 

3271 

3455 

33.53 

33.49 

33.70 

ratio 

.957 

946 

.946 

.998 

.984 

.953 

961 

,987 

939 

IhH 

981 

.929 

993 

0.994 

988 

actual 

41.69 

41.69 

41.69 

43  18 

43.18 

43.18 

44.59 

44.59 

44.59 

4640 

46.40 

46.40 

48.15 

48  15 

48,15 

1  0 

estimated 

43.28 

40.76 

44.26 

42.12 

39.98 

46.32 

45.77 

43.53 

43.66 

4704 

46.85 

45  82 

47.39 

47.34 

46.37 

adj.  est. 

44.23 

41.66 

45.23 

43.05 

40.86 

47.34 

46.78 

44.49 

44.62 

48.07 

47.88 

46.82 

48.43 

48.38 

4739 

ratio 

.943 

1  001 

.922 

1.003 

1.057 

.912 

953 

1  002 

999 

.965 

969 

991 

.994 

0.995 

1  016 

actual 

63.59 

63.59 

63.59 

66.06 

66.06 

66.06 

68.37 

68.37 

68.37 

71.34 

71  34 

71,34 

74.11 

74  11 

74.1  1 

1.5 

estimated 

63.03 

64.92 

62.89 

64.66 

6540 

64.68 

69.16 

67.18 

70.63 

70.96 

72.57 

70.54 

70  13 

74.63 

73  21 

adj.  est. 

64.42 

66.35 

64.27 

66.08 

66.84 

66  10 

70.68 

68.66 

72.18 

72.52 

74  17 

72.09 

71  67 

76.27 

74.82 

ratio 

.987 

.958 

0.989 

1.000 

.988 

.999 

'it,/ 

996 

.947 

984 

962 

990 

1.034 

0.972 

991 

actual 

72.60 

72  60 

72.60 

75.50 

7550 

75.50 

78  20 

78.20 

78.20 

81  70 

81.70 

81.70 

84.90 

84.90 

84.90 

1.7 

estimated 

66.49 

69.10 

—  * 

—  • 

68.49 

— ' 

76.72 

73  76 

—  * 

79.11 

77  93 

—  • 

— ' 

78.27 

-  • 

adj.  est. 

67.95 

70.62 

— 

— 

69.99 

— 

78  41 

75.38 

— 

80.85 

79.64 

— 

- 

79.99 

— 

ratio 

1.068 

1  028 

- 

- 

1  07'  I 

— 

.997 

1  037 

- 

1  0  1  1 

1.026 

- 

- 

1.061 

- 

"  Beyond  the  range  of  the  mode! 


Table  6b — Actual  water  potentials  (bars)  of  NaCI  solutions  with  30-second  cool  time,  estimated  water  potentials  by  the  model,  the  ad/usted- 
estimate  ot  water  potential,  and  the  ratio  ot  the  actual  to  the  ad/usted-estimate  for  +  60,  0.  and  -  60  microvolt  of  zero-offset  tor  eight 
new  psychrometers 


Water 
potential 

Temperature 

NaCI 

0  c 

75   C 

15°C 

25  "C 

35  "C 

molality 

t  60 

0 

fjii 

.  60 

0 

-60 

l  60 

0 

-  60 

+  60 

0 

-60 

+  60 

0 
946 

-60 

actual 

8.36 

8.36 

8.36 

8.60 

8.60 

8.60 

8.84 

8.84 

8.84 

9.15 

9.15 

9.15 

9.46 

9.46 

0.2 

estimated 

8.63 

8.03 

8.49 

8.99 

9.00 

8.53 

9.82 

8.24 

9.94 

9.54 

879 

9  31 

9.41 

8.63 

9.96 

adj.  est. 

8  51 

7.92 

8.38 

8.87 

8.88 

8.42 

9.69 

8.13 

9.82 

9.42 

8.68 

M   19 

9.28 

8.51 

9.83 

ratio 

.982 

1.056 

.998 

,970 

.968 

1.021 

912 

1.087 

.900 

.971 

1.054 

996 

1.019 

1  112 

.962 

actual 

20.70 

20.70 

20.70 

21.36 

21.36 

21  36 

22.00 

22.00 

22.00 

22.81 

22.81 

22  81 

23.62 

23  62 

23  62 

5 

estimated 

20.52 

21,24 

22  14 

21.03 

22.38 

20.49 

23.16 

2220 

22.06 

23.66 

23.14 

24,36 

23.23 

23  28 

22  47 

adj.  est. 

20.25 

20.97 

21.85 

20.76 

22.09 

20  23 

22.86 

21.92 

21.78 

2335 

22.84 

24.04 

2293 

22.98 

22  18 

ratio 

1  022 

.987 

947 

i  029 

967 

1.056 

.962 

1.004 

1.010 

.977 

999 

949 

1.030 

1  028 

1.065 

actual 

29.01 

29.01 

29.01 

29.98 

29.98 

29.98 

30.91 

30.91 

30.91 

32  10 

32.10 

32.10 

33.28 

33.28 

33  28 

7 

estimated 

28.86 

29.78 

3057 

31  93 

30.75 

31.35 

30.95 

31  37 

29.16 

33.22 

32.11 

3203 

3291 

33  25 

35.48 

adj.  est. 

28  49 

29.40 

30.18 

31  52 

30.35 

30  95 

30.55 

30.97 

28,79 

32.79 

31.70 

31.62 

32  48 

32.82 

35.00 

ratio 

1.018 

.987 

.961 

.951 

.988 

969 

1.012 

.998 

1  074 

979 

1.013 

1  015 

1  025 

1.014 

951 

actual 

41.69 

41.69 

41.69 

43.18 

43.18 

43  18 

44,59 

44  59 

44.59 

46.40 

46.40 

46,40 

48.15 

48.15 

48  15 

I  U 

estimated 

41.28 

42.28 

44.47 

42.75 

41  51 

43.99 

4676 

4372 

45.98 

44.50 

46.86 

4652 

48.39 

48.83 

46.85 

adj.  est. 

•in  !', 

41.74 

43.90 

42.20 

40.97 

4343 

46  16 

43  16 

45  39 

43.93 

46.26 

45,92 

47  77 

48  20 

46  25 

ratio 

1.023 

999 

.950 

1.023 

1.054 

.994 

966 

1.033 

982 

1  056 

1  003 

1  010 

1  008 

.999 

1  041 

actual  63.59     63.59  63.59  66.06     66  06     66.06  68.37  68  37  68  37  7134     7134     7134  74  11  74  11      74  11 

1.5           estimated  65  04     64  67  63.22  66.80     67.59     68  48  67  08  7137  70  95  70  30     72  66     7117  7144  75  ri2      70  50 

ad|.est.  64.20     63.84  62  41  65.94     66.72     67  60  66  22  70  46  70  04  69  40     7173     70  26  70  53  74  55     69  60 

ratio  .990       .996     1.019  1.002       .990        977  1032        970  976        1028        995     1015  1051  994     1065 

actual  72.60     72.60  72  60  75  50     75.50     75  50  78  20  78.20  78  20  8170     8170     8170  84  90  84  90     84,90 

1.7          estimated  67.15     69.97  73.76  69.38     76.76     72.42  77.59  80.55  76.65  78. ;  1     83  09     79  92  8171  83  47     80  58 

adj.  est.  66.29     69.07  72.82  68  49     75.78     7149  76  60  79.51  75  66  77  11      82  03     78  90  80  66  82  40     79.55 

ratio  1.095     1.051         997         1102        996      1056  1021        .984  1034         1060        996     1035  1.053  1030     1067 

10 
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Table  6c  — Actual  water  potentials  (bars)  of  NaCI  solutions  with  60-second  cool  time,  estimated  water  potentials  by  the  model,  the  adjuster 
estimate  of  water  potential,  and  the  ratio  of  the  actual  to  the  adjusted-estimate  for  +  60,  0,  and  -  60  microvolt  of  zero-offset  for  eight 
new  psychrometers 


Water 

potential 

Temperature 

NaCI 

o°c 

7.5  °C 

15°C 

25  °C 

35  °C 

molality 

4  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60 

+  60 

0 

-60  j 

actual 

8.36 

8.36 

8.36 

8.60 

8.60 

8.60 

8.84 

8.84 

8.84 

9.15 

9.15 

9.15 

9.46 

9.46 

9.46  j 

0.2 

estimated 

8.51 

9.36 

8.77 

9.88 

9.22 

8.78 

8.64 

9.22 

9.41 

7.92 

8.86 

8.51 

9.88 

8.67 

10.14   I 

adj.  est. 

8.35 

9.19 

8.61 

9.70 

9.05 

8.62 

8.48 

9.05 

9.23 

7.77 

8.70 

8.35 

9.70 

8.51 

9.95  j 

ratio 

1.001 

.910 

.971 

.887 

.950 

.998 

1.042 

.977 

.958 

1.178 

1.052 

1.096 

.975 

1.112 

.951s 

actual 

20.70 

20.70 

20.70 

21.36 

21.36 

21.36 

22.00 

22.00 

22.00 

22.81 

22.81 

22.81 

23.62 

23.62 

23.62  1 

.5 

estimated 

20.77 

21.22 

21.35 

21.61 

23.01 

22.08 

23.12 

22.83 

22.89 

23.19 

23.68 

22.96 

22.99 

23.48 

24.41    ) 

adj.  est. 

20.38 

20.83 

20.95 

21.21 

22.58 

21.67 

22.69 

22.41 

22.47 

22.76 

23.24 

22.53 

22.56 

23.04 

23.96   : 

ratio 

1.016 

.994 

.988 

1.007 

.946 

.986 

.970 

.982 

.979 

1.002 

0.981 

1.012 

1.047 

1.025 

.986 

actual 

29.01 

29.01 

29.01 

29.98 

29.98 

29.98 

30.91 

30.91 

30.91 

32.10 

32.10 

32.10 

33.28 

33.28 

33.28  j 

7 

estimated 

29.83 

30.40 

31.31 

30.27 

29.94 

30.35 

32.34 

32.08 

27.72 

32.43 

33.36 

33.97 

32.26 

33.75 

32.99 

adj.  est. 

29.27 

29.83 

30.73 

29.17 

29.38 

29.79 

31.74 

31.49 

27.20 

31.82 

32.74 

33.34 

31.66 

33.12 

32.38  *. 

ratio 

.991 

.973 

.944 

1.009 

1.020 

1.006 

.974 

.982 

1.136 

1.009 

.980 

.963 

1.051 

1.005 

1.029 

actual 

41.69 

41.69 

41.69 

43.18 

43.18 

43.18 

44.59 

44.59 

44.59 

46.40 

46.40 

46.40 

48.15 

48.15 

48.151 

1.0 

estimated 

41.76 

41.51 

44.51 

43.85 

41.93 

44.07 

45.52 

44.18 

46.31 

45.72 

47.63 

45.78 

47.45 

46.98 

53.35  j 

adj.  est. 

40.99 

40.74 

43.68 

43.03 

41.15 

43.25 

44.67 

43.36 

45.45 

44.87 

46.74 

44.92 

46.57 

46.11 

52.35  ] 

ratio 

1.017 

1.023 

.954 

1.003 

1.049 

.998 

.998 

1.028 

.981 

1.034 

.993 

1.033 

1.034 

1.044 

.920 

actual 

63.59 

63.59 

63.59 

66.06 

66.06 

66.06 

68.37 

68.37 

68.37 

71.34 

71.34 

71.34 

74.11 

74.11 

74.11 

1.5 

estimated 

63.82 

65.06 

64.77 

68.04 

65.99 

65.87 

68.16 

69.28 

72.13 

72.51 

72.28 

71.37 

70.86 

74.63 

73.06  j 

adj.  est. 

62.63 

63.85 

63.57 

66.77 

64.77 

64.64 

66.89 

67.99 

70.78 

71.16 

70.94 

70.04 

69.54 

73.24 

71.70      ; 

ratio 

1.015 

.996 

1.000 

.989 

1.020 

1.022 

1.022 

1.006 

.966 

1.003 

1.006 

1.019 

1.066 

1.012 

1.034 

actual 

72.60 

72.60 

72.60 

75.50 

75.50 

75.50 

78.20 

78.20 

78.20 

81.70 

81.70 

81.70 

84.90 

84.90 

84.90 

I  7 

estimated 

69.39 

74.30 

—  * 

—  * 

76.52 

74.51 

78.13 

80.07 

78.92 

77.90 

84.19 

80.38 

73.39 

84.96 

76.71 

adj.  est. 

68.10 

72.92 

— 

— 

75.10 

73.12 

76.68 

78.58 

77.45 

76.45 

82.63 

78.88 

72.02 

83.38 

75.28  ' 

ratio 

1.006 

996 

— 

— 

1.005 

1 .033 

1  020 

.995 

1.010 

1.069 

.989 

1.036 

1.179 

1.018 

1.128J 

'  Beyond  the  range  of  the  model. 


GUIDES  FOR  USERS 

The  following  suggestions  are  provided  to  assist  users 
in  application  of  the  calibration  model  when  using 
screen-caged  thermocouple  psychrometers  similar  to 
those  described  here.  We  do  not  recommend  application 
of  the  model  to  other  psychrometer  designs  (such  as 
ceramic  cup  and  end-window  designs)  under  irregular 
thermal  environments  until  further  research  can  verify 
their  responses  to  temperature  gradients.  However,  the 
model  does  apply  to  these  and  any  other  chromel- 
constantan  psychrometer  under  the  following  restric- 
tions: 

1.  Used  under  isothermal  conditions  only, 

2.  Constructed  of  0.0025-cm  (0.001-inch)  diameter  wire 
with  welded  junction, 

3.  Peltier-cooling  mode  is  used  with  5  ma  current, 

4.  True  temperature  and  vapor  pressure  eguilibrium  is 
achieved,  and 

5.  Used  within  the  limits  of  temperature,  cooling  time 
duration,  and  water  potential  ranges  pertinent  to  the 
model. 


The  assumption  is  tnat  the  user  has  access  to  computer 
facilities  that  will  allow  the  model  eguations  to  be  pro- 
gramed (appendix  I).  If  this  is  not  possible,  the  tables  in 
appendix  II  could  be  used,  but  this  is  far  more  difficult, 
time  consuming,  and  subject  to  interpolation  error. 

Calibration 

1.   It  is  recommended  that  each  individual  psychrom- 
eter be  calibrated  under  isothermal  conditions  at  three 
different  water  potentials  and  at  one  temperature  within 
the  range  of  anticipated  need.  For  most  general  applica- 
tions the  0.5,  1.0,  and  1.5  m  NaCI  solutions  should  be 
used  at  25°  C  (77°  F).  Only  one  temperature  is  required 
since  psychrometer  response  to  this  variable  is  far  more 
predictable  than  to  water  potential.  However,  other  solu- 
tions and  temperatures  can  be  used  if  the  anticipated 
conditions  for  use  are  specifically  known.  In  any  case, 
three  calibration  solutions  representing  the  near- 
extremes  and  middle  range  of  water  potentials  are 
recommended.  Outputs  should  be  recorded  to  the 
nearest  0.1  microvolt.  It  is  further  recommended  that 
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calibration  not  be  attempted  under  nonisothermal  condi- 
tions to  achieve  zero-offset  data  points.  This  is  an 
extremely  complex  process  that  may  lead  to  more  con- 
fusion than  is  warranted.  The  model  adequately  predicts 
water  potentials  under  these  conditions. 

2.  For  most  general  applications  it  is  recommended 
that  the  30-sec  cool  time  duration  be  used  throughout. 
Shorter  cooling  times  may  be  justified  in  those  cases 
where  length  of  time  between  readings  is  crucial,  but 
generally  less  precise  estimates  of  water  potential  will 
result  and  the  variability  among  psychrometers  will  likely 
be  greater.  Longer  cooling  times,  up  to  60  sec,  generally 
do  not  appear  to  offer  any  strong  advantages  over  the  30- 
sec  cooling  times,  and  also  may  unnecessarily  prolong 
the  length  of  time  between  readings.  This  is  an  important 
logistical  problem  when  attempting  to  read  large  num- 
bers of  psychrometers  during  a  specified  time. 

3.  Although  calibration  should  ideally  be  conducted 
under  carefully  controlled  temperatures  in  a  water  bath, 
suitable  conditions  can  be  achieved  in  a  well-insulated 
water  reservoir.  For  example,  large  picnic  jugs,  vacuum 
bottles,  or  insulated  ice  chests  have  all  been  used 
successfully  with  normal  precautions  to  minimize  rapid 
temperature  fluctuations.  Water  temperature  can  be 
adjusted  to  that  of  the  external  environment  to  lessen  the 
possibilities  of  temperature  gradients. 

Model  Application 

1.  For  the  most  accurate  estimates  of  water  potential, 
each  psychrometer  should  be  calibrated  and  its  micro- 
volt data  be  converted  to  water  potential  separately. 
Compute  the  ratio  of  actual  to  estimated  water  potential 
(equation  16)  for  each  psychrometer.  For  example,  the 
sum  of  the  water  potentials  of  the  three  NaCI  solutions 
used  divided  by  the  sum  of  the  water  potentials  predicted 
by  the  model  for  the  microvolt  outputs  of  that  psychrom- 
eter provides  the  correction  coefficient. 

2.  Each  psychrometer  is  now  assigned  a  unique  cor- 
rection coefficient  (or  B  value).  Model  estimates  of  water 
potential,  whether  obtained  from  the  computer  program 
(appendix  I)  or  the  tables  (appendix  II),  made  from  data 
collected  with  that  psychrometer  are  multiplied  by  this 
correction  coefficient  to  obtain  the  adjusted  estimate  of 
water  potential  (equation  17).  If  the  computer  program  is 
used,  attention  is  called  to  step  61  in  the  BASIC  program 
and  step  8  in  the  FORTRAN  program  (where  B  =  1.0 
presently),  which  must  be  changed  to  the  new  correction 
coefficient.  Also,  insert  the  appropriate  cooling  time  in 
seconds  in  step  9  of  the  FORTRAN  program  (where  sec 
=  15,  presently). 


3.  For  applications  requiring  large  numbers  of  psy 
chrometers,  a  single  correction  coefficient  may  be  com- 
puted for  the  entire  group.  The  principal  advantage  in  this 
technique  is  that  considerable  time  can  be  conserved 
during  computation  of  data.  The  main  disadvantage  is 
that  some  loss  in  precision  of  water  potential  estimates 
results  due  to  the  variability  in  microvolt  output  charac- 
teristics among  the  psychrometers  used.  If  this  pro- 
cedure is  used,  discard  all  psychrometers  with  calibra- 
tion data  that  display  a  greater  variability  than  ±  1  sd 
from  the  mean  of  the  entire  population. 

4.  Occasionally  a  particular  psychrometer  may  be 
more  sensitive  at  low  water  potentials  than  those  used  to 
develop  the  model.  In  such  cases  its  microvolt  output 
may  exceed  the  range  of  the  model,  and  its  water 
potential  may  not  be  calculated.  This  is  most  likely  to 
occur  at  low  water  potentials  near  the  lower  limits  of  the 
model  (about -75  to  -85  bars).  In  such  cases,  which  are 
anticipated  to  be  very  few,  the  data  will  have  to  be  ex- 
cluded from  computation  by  the  model  and  computed  by 
hand  from  standard  calibration  curves. 

Data  Acquisition 

1.  For  general  laboratory  use,  psychrometers  should 
be  kept  as  clean  and  free  of  contaminants  as  possible  to 
insure  accurate  data.  The  ultimate  acquisition  of  reliable 
data  depends  more  upon  the  user  than  the  model.  Pre- 
cautionary measures  to  be  followed  are  discussed  in 
Brown  and  Van  Haveren  (1972),  Brown  (1970),  and  Wiebe 
and  others  (1971). 

2.  During  field  use,  efforts  must  be  made  to  mini- 
mize temperature  gradients.  For  in  situ  measurements  of 
soil  water  potential,  psychrometers  should  be  buried  in  a 
horizontal  position  (Wiebe  and  others  1977;  Wiebe  and 
Brown  1979).  The  time  when  they  are  read  during  the  day 
should  be  selected,  if  possible,  to  minimize  temperature 
gradients.  Season  of  the  year  may  also  affect  the  time  of 
day  selected.  Samples  collected  and  read  in  the  field 
must  also  be  protected  from  temperature  gradients  and 
other  influences  that  may  affect  data.  The  meter  or  data 
gathering  instrument  must  be  shaded  from  direct  solar 
insolution. 

3.  Raw  microvolt  data,  together  with  recorded  temper- 
atures, zero-offsets,  and  the  appropriate  cooling  time 
duration  are  required  for  each  computation  of  water 
potential  by  the  model.  The  model  estimate  of  water 
potential  is  then  multiplied  by  the  appropriate  correction 
coefficient  to  obtain  the  adjusted  estimate  of  water 
potential.  If  desired,  water  potentials  expressed  in  bars 
by  the  model  may  be  converted  to  the  international  term 
of  MPa  (mega  Pascals)  by  multiplying  bars  times  0.1. 
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CONCLUSIONS 

The  outputs  of  Peltier  thermocouple  psychrometers  are 
quite  predictable  at  different  cooling  times,  tempera- 
tures, temperature  gradients,  and  water  potentials.  Re- 
sponses to  water  potential  are  probably  the  weakest  link 
in  a  modeling  effort  because  of  the  variability  among 
psychrometers  in  terms  of  construction  techniques  and 
the  configuration  of  their  components.  Some  of  the  con- 
tributing variables  are  the  precise  chemistry  of  the 
welded  sensing  junction,  the  length  of  chromel  and 
constantan  lead  wires  of  the  thermocouple,  the  geo- 
metric position  of  the  sensing  junction,  and  the  freedom 
with  which  water  vapor  can  be  exchanged  between  the 
evaporating  source  and  the  psychrometer  cavity. 
However,  psychrometer  responses  to  temperature, 
temperature  gradients  (within  limits  of  unit  size  and 
materials  used  in  construction),  and  cool  times  are  all 
virtually  fixed  with  far  fewer  possibilities  for  variation. 

Generally,  the  model  predicts  water  potentials  most 
precisely  for  isothermal  conditions  at  the  longer  cool 
times  (30  to  60  sec).  The  greatest  bias  occurs  at  the 
extreme  water  potentials,  particularly  near  the  lower 
limits  of  psychrometer  sensitivity  (about  -80  bars),  with 
the  15-sec  cool  time.  Also,  generally  model  bias  is 
greater  near  the  extreme  zero-offsets  (approaching  ±60 
microvolts),  although  this  is  relatively  small.  Based  on 
these  limitations,  it  is  recommended  that  psychrometers 
be  calibrated  at  several  water  potentials  under 
isothermal  conditions  at  some  intermediate  temperature 
and  cool  time  before  use.  Those  units  displaying  a 
greater  variability  than  ±  1  sd  from  the  mean  of  the  entire 
population  should  be  discarded. 

Absolute  precision  of  water  potential  measurements 
with  thermocouple  psychrometers  is  probably  not  pos- 
sible except  under  unusual  circumstance.  However,  the 
model  is  designed  to  predict  water  potential  precisely  as 
described  by  psychrometer  calibration  data.  Thus,  it  is 
more  the  care  taken  by  the  user  during  calibration  and 
use  of  psychrometers  that  determines  the  precision  of 
water  potential  values  than  it  is  the  ability  of  the  model 
to  predict  them.  Hand-drawn  calibration  curves,  as  gen- 
erally developed  at  present,  do  not  provide  the  same 
levels  of  sensitivity  and  consistency  for  estimating  water 
potentials  as  the  model  given  here  for  the  smoothed 
interactive  effects  of  the  four  independent  variables 
involved.  Extensive  calibration  trials  and  data  points  for 
each  psychrometer  over  a  range  of  numerous  tempera- 
tures and  water  potentials  provide  little  or  no  assurance 
that  water  potential  data  will  be  any  more  accurate  than 
that  computed  by  the  methods  suggested. 


Comparisons  of  water  potential  estimates  made  by 
both  the  model  and  hand-drawn  calibration  curves 
suggest  some  advantages  of  the  model.  The  model  will 
consistently  calculate  water  potentials  for  the  entire 
range  of  conditions  specified,  and  will  do  so  for  whatever 
level  of  fractional  input  is  desired.  Hand-drawn  curves,  on 
the  other  hand,  yield  water  potential  data  that  are  sub- 
ject to  numerous  additional  errors.  The  physical  process 
of  plotting  data  points,  fitting  curves,  and  then  inter- 
preting data  from  them  is  contingent  upon  extreme  care 
tempered  with  abundant  quantities  of  expensive  time. 
The  very  best  hand-drawn  curves  yield  only  an  approxi- 
mate water  potential,  even  if  a  set  of  curves  is  drawn  for 
each  individual  psychrometer.  We  found  that,  not  only 
can  two  different  technicians  read  the  same  graph  dif- 
ferently, but  the  same  technician  may  make  widely 
varying  interpretations  from  the  same  graph  at  different 
times.  One  of  the  most  common  errors  was  interpreting 
data  from  the  wrong  graph— and,  very  often  even  these 
were  read  incorrectly.  Thus,  the  magnitude  of  the  error  in 
data  interpreted  from  hand-drawn  curves  was  most  often 
greater  than  that  associated  with  the  model. 

Since  there  is  no  simple  factor  that  can  be  applied  to 
water  potential  data  to  correct  it  for  temperature 
gradients,  the  number  of  calibration  curves  that  would  be 
needed  for  each  psychrometer  to  cover  all  specified 
conditions  is  beyond  the  limits  of  practicality.  The  magni- 
tude of  the  effort  just  to  interpret  large  numbers  of 
observations  from  hand-drawn  curves  is  overwhelming. 
Whether  a  study  involves  a  few  data  points  from  one 
psychrometer,  or  numerous  data  points  from  hundreds  of 
psychrometers,  use  of  the  calibration  model  promises  to 
reduce  the  time  and  magnitude  of  the  errors  normally 
inherent  in  this  kind  of  research. 

Based  on  the  performance  and  verification  of  the  pre- 
dictive model,  the  hypotheses  originally  posed  are  all 
accepted.  The  responses  of  any  given  psychrometer  of 
similar  construction  to  those  used  here  can  be  predicted 
for  the  conditions  specified  to  at  least  within  the  limits  of 
error  normally  expected  with  hand-drawn  curves.  The 
normal  limits  of  error  of  predicted  water  potentials  can 
be  narrowed  by  adjusting  the  model  based  on  only  one  or 
a  few  calibration  points.  The  time  and  expense  normally 
devoted  to  calibration  can  be  significantly  reduced  with 
the  assurance  that  normal  limits  of  error  are  not 
jeopardized.  Also,  large  quantities  of  either  field  or 
laboratory  data  can  be  analyzed  more  quickly  and  with 
fewer  errors  using  the  model  than  with  conventional 
methods. 
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APPENDIX  I 

COMPUTER  PROGRAM  IN  BASIC  AND 
FORTRAN 

Computer  programs  of  the  predictive  calibration 
model;  (A)  in  BASIC  and  (B)  in  FORTRAN.  Text  and 
related  computer  acronyms  are  defined  in  C  for  the 
FORTRAN  program. 
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APPENDIX  I  A 

Enhanced  BASIC  program  for  Hewlett-Packard  9845-B 

.1 .0  REM     RAY  BROWNS  WATER  POTENTIAL.  EQUATION 

2  0  OPTION  BASE  1 

30  ON  ERROR  GOTO  44  0 

4  0  INPUT  "INPUT  THE  NUMBER  OE  SETS  OE  OBSERVATIONS- THEN  PRESS  CONT.'\Z   ITOTA 
L  SETS  OF  FOUR  NUMBERS  TO  BE  USED 

SO  B»i 

60  FOR  J*i  TO  Z 

7 0  I N P U T  "  I N P U T  M V  ,  Z E R O  O F F S E T  , T EM P  .  ,  S E C O N D S  >  ■•- T H EN  PR E S S  C O N T  .  "  ,  M v  ,  O n v  ,  T  ,  S 
ec 

80  Ypl»39  .  2-  .  0  0  04346*  (  60-Sec: )  A2  .  4S   !  YP  ' 

9  0  Int=12.1-. 0 0  3475* ( 6  0-Sec )"i .63 

100  Yo---Int+.  017288*Ypi*TAl  .  i 

110  Ypi5=12 . i- . 003475*(60  -15) Al  .  63+C39 . 2~ . 0 0 04346*< 60 -15) A2  .45)*. 017288*TM. 

.1  !  YP  SOLVED  AT  15  SECONDS 

1 2 0  Yd 2~-8  .  4  +  2  .  734E--7*  (  6 0 -Sec  )  A  3  .  97 

130  Ui=88--2  .  S79E-4*< 60-Sec  )A2  .  7 

1 4  0  Xp=~  (  U n.  -Yp2*  .  0  0  0171 85*  (  4 0 -T  )  A  2  .  35  ) 

150  Xp  15  =  -  (88-2  .  579E  -4*<  60 •■■  15)  A2  .  7-  (8  .  4  +  2  .  734E-7* ( 60-15 )  A3  .  97)*  .  0  0  017185*  (  4 
0-T)A2.35)   !XP  SOLVED  AT  15  SECONDS 

160  11  = . 45+3 . 33E~4*Sec+l . 9846E-19*Sec A 1 0 

170  la-  4S+3.33E~4*15+1 . 9846E ~19*15A 1 0   ! I iSOLVED  FOR  USE.  WITH  N15 

180  N i  =2  .  5  +  EXP  (  -  ( ABS  (  ( 6 0  -  Sec:  )  /6 0  - 1  )  /  .  4 0 5 )  A 3  ) 

190  Na=2.5+EXP(-(ABS(  (60  -15  ) /60- 1  )  /  .  405)  A3)   !Ni  SOLVED  FOR  USE  WITH  N.15 

20  0  N=l  .  18+.  185*((EXP(  -ABS(  (  (  40-T  ) /40  ■  1  )  /  (  1-Ii)  )  ANi  )  -EXP  ( ■■  -<  1/  (  i-I  i  )  )  ANi  )  )/( 
1-EXP  <••••<  1/(1-11)  )  AN:i.  )  )  ) 

210  N15-1  .18+.  185*  (  (EXP(-ABS(  (  (  4  0 - T  )  /4  0-1 )  /  (  1--I  a  )  ) ANa ) -EXP ( - ( 1/ ( 1- la )  )  ANa)  ) 
/(i-EXP(  (1/(1-I.a)  )  ANa)  )  )   !N  SOLVED  AT  15  SECONDS 

220       C 1  =  Y  p  -  Y  p  /  A  B  S  (  X  p  )  A  N  *  A  B  S  ( X  p 2  2  .  5 )  A  N   IN  U  M  E  RAT  O  R  F  O  R  S  O  I...  V I N  G  C 

230  C2=YpiS  Ypl5/ABS(Xpl5) AN15*ABS ( Xp 15--22 . 5 ) AN15   !  DENOMINATOR  FOR  C 

240  C3~C1/C2*( . 015*OMy+ . 0 0 1471*T*0mm ) 

260  CXC3  +  C1.  )/Cl 

27  0  Wp= ( ABS ( Xp ) AN* ( Yp*C*B~M v ) / ( Yp*C*B ) ) A ( 1/N ) +Xp 

28  0  GOSUB  Prinl 
290  NEXT  J 

30  0  PRINTER  IS  16 

310  PRINT  "THIS  PROGRAM  IS  FINISHED  TO  RESTART  PRESS  RUN" 

320  END 

3  3  0  P  r  i  n  t  :   '  P  R  I.  N  T I N  G  ROUT  I N  E 
34  0  P R INTER  I S  7 , 1 , W I DTH ( 1 2 0  ) 
350  PR  INT  USING  360 , "*** " , J > "***  " 

36  0  IMAGE  16X3 A, 2D, 3 A 

3 7  0  P  R  I N T  U S I N G  39 0  >  "  1  .  "  >  " M I C R  O V O I... T S "-  "  ,  M  v  ,  "  M I C R  O V O I... T S  "  ,  " 2  .  "  ,  " ZER O  OF F S E T -  "  ,  O m  v 
, "MICROVOLTS", "3. " , "TEMPER ATURE= " ,T , "CENT.  " ) "4.  " , "COOL  TIME-'^Sec  ,  "SECONDS" 

380  PRINT  USING  390 > "5 . " , " WATER  POTENTIAL- " , Wp , "BARS " 

39  0  IMAGE  2A4X , 15A4X , M2D  2D4X , 12A/ 

40  0  PRINT 
410  PRINT 

420  IF  J  MOD  8=0  THEN  PRINT  PAGE. 

43  0  RETURN 

4  4  0  P  R  I N  T  E  R  I S  7  ,  1  ,  W I D  T  l-l  ( 1 2  0  ) 

450  PRINT  USING  460  s  "***",  J  .."***  " 

460  IMAGE  16X3A.2D.3A 

47  0  PRINT 

480  PRINT  "ERROR  HAS  OCCURED,  YOU  HAVE  EXCEEDED  THE  PEAK." 

490  PRINT 

50  0  PRINT  "****YOUR  INPUT  WAS****" 

510  PRINT 

520  PRINT  USING  530  .;  "1  .  "  ,  "MICROVOLTS-"  ,Mv  ,  "MICROVOLTS"  .  "2  .  "  ,  "ZERO  OFFSET-"  ,Omv 
,  "MICROVOLTS", "3.  " , "TEMPER ATURE= " , T , "CENT  "  , "4.  " , "COOLTIME-"  ,Sec  ,  "SECONDS" 

530  IMAGE  2A4X , 15A4X ,M2D . 2D4X , 12A/ 

54  0  PRINT 

55  0  PRINT 

56  0  IF  J  MOD  8*0  THEN  PRINT  PAGE 

57  0  GOTO  290                             26 
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FORTRAN  IV  Program  for  water  potential 

(Place  system  cards   here) 

1.  DIMENSION  TEHPX(5),0r1VX<13),LTRS<16),UPS<13) 

2.  REAL  MV,MS,N15,IS,I15flNS,l  N15,NS,NU.,HVS,rW15 

3.  DATA  IBLNK/'  '/,UPS/13*0./, 

4.  *LTRS/'M/,/r,/C%,R/,  O'/V'/O'/LS'T', 

5.  */RVEVAVDVIVNVG'/l 

6.  *TEMPX/0.,?.5,15.,25.,35./, 

7.  *0NVX/-60.,-50.,-40.,-3O.f-20.,-1O.,0.,10.,2O.,3O.,4O.,5O.,6O./ 

8.  B  =  1. 
?.  SEC  =  15 

10.  UPK  =  -22.5 

11.  1PAGE  -  0 

12.  DO  99  J=l ,5 

13.  LNN  =  1 

14.  TEMP  =  TEMPX(J) 

15.  IPAGE  =  IPAGE  +  1 

16.  PRINT  101,  IPAGE, SEC,  TEMPXU) 

17.  PRINT  102 

18.  PRINT  103 

19.  PRINT  104 

20.  PRINT  103 

21.  PRINT  105 

22.  DO  99  K=1,70 

23.  NUPS=  0 

24.  HU  a  K 

25.  DO  15  L-1,13 

26.  OMV  =  OMVX(L) 

27.  N15=3. 2904052 

28-  HS=2.5+EXP(-(ABS(<(60-SEC)/60~1  )/.405>**3>) 

29.  IS= .454.000333*SEC*1 .9846E-19*SEC**10 

30.  115=-.  4549951 

31  .  LN8"EXP<~<AB8<  ( (40-TEMP)/40~1  )/<1-IS)  )*=*=MG) ) 

32.  LN15-EXP(-  (ABS(((40-TEMP)/40--1)/M-I15))**M5)) 

33.  RNS=EXP(-U1/<1-IS))**MS)) 

34.  RN15=EXP(- ((1/(1  I15)>**N15>> 

35.  DS=1-RNS 

36.  D15=1 -RN15 

37.  NS=((LNS-RNS)/DS)*. 185+1. 18 

38.  N15=ULN15-RN15)/D15)*.185+1.18 

39.  $1AS=12.1-.003475*(60-SEC)**1 .63 

40.  $1A15=10. 3793553 

41 .  «1YS=39.2-.00O4344*<6O-SEC)**2.45 

42.  I1Y15*34. 3195442 

43.  UIS=$1AS*.017288»«1YS*TEr1P**1.1 

44.  UI15=*1A15+.017288*$1Y15*TEHP+*1.1 

45.  I2AS=88~. 0002579* (60- SEC  )**2. 7 

46.  $2A15=80.498BV70 

47.  *2YS=8.4+2.734E~07*<6OSEC)**3.97 

48.  $2Y15=9. 4001202 

49.  SPS=<*2AS-*2YS*.O0O1?185*(40 TEr1P>**2.35) ♦(  1 ) 

50.  SP15=U2A15-*2Y15*.000171B5*<40-TEHP>**2.35)*(-1> 

51 .  Z0E=< .015»0MV+.O01471*0NV*TEHP) 

52.  HVS*(UIS-<UIS/<ABS<SPS>**NS>)+<ABS(SPS-UPK)+*NS>> 

27 
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53.  HV15=(UI15-(UH5/(ABS(SP15)**N15))h<(ABS(SP15-UPK)**N15)) 

54.  C=(MVS+(ttVS/HV15)*ZQE)/MVS 

55.  R=UIS*C 

56.  IF (HV.GT.R)DO  TO   10 

57.  UP*((((ABS(SPS)+*NS>*<UIS*C-HV))/<UIS*C))**(1/NS>+SPS)*B 

58.  UP  =  UP*(-1.) 

59.  GO  TO  12 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 

100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
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10 

UP  =  0. 

12 

IF  (UP.EQ.  0.)  GO  TO  15 

NUPS  =  NUPS  +  1 

UPS(NUPS)=UP 

15 

CONTINUE 

1? 

DO  18  11=6,78,6 

IF  (LNN  .EQ.  II)  GO  TO  19 

18 

CONTINUE 

GO  TO  20 

19 

PRINT  103 

LNN  =  LNN  +  1 

20 

LABL  =  0 

DO  21  11=25,57,2 

LABL  =  LABL  +  1 

IF  (II  .EG.  LNN)  GO  TO  22 

21 

CONTINUE 

IHD1  =  IBLNK 

GO  TO  60 

22 

GO  TO  (25, 27, 29, 31, 33, 35, 37, 39, 41, 43, 45, 47, 49, 51, 53, 55, 57), LABL 

25 

IHD1  =  LTRS(I) 

60  TO  60 

27 

IHD1  *  LTRS(2) 

60  TO  60 

29 

IHD1  ■  LTRS<3) 

60  TO  60 

31 

IHD1  =  LTRS<4> 

60  TO  60 

33 

IHD1  =  LTRS(5) 

60  TO  60 

35 

IHD1  =  LTRS(6) 

GO  TO  60 

37 

IHB1  ■  LTRS(7) 

GO  TO  60 

39 

IHD1  a  LTRS(8) 

60  TO  60 

41 

IHD1  =  LTRS<9) 

60  TO  60 

43 

IHD1  =  IBLNK 

60  TO  60 

45 

IHD1  ■  LTRS(IO) 

60  TO  60 

47 

IHD1  =  LTRS<11) 

60  T6  60 

49 

IHD1  =  LTRS(12) 

60  TO  60 

51 

IHD1  =  LTRS03) 

GO  TO  60 

53 

IHD1  x  LTRSU4) 
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108. 
109. 
110. 
111. 
112. 
113. 
114. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
13?. 
140. 
141. 
142. 
143. 
144. 
145. 
146. 
147. 
148. 
149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 
157. 
158. 
159. 
160. 
161. 
162. 


55 

5? 

60 


62 
63 

64 

65 

66 

67 

6  8 

6? 

70 

71 

72 

73 

74 

75 
78 

80 

9? 

100 

101 


102 
103 

104 

105 
110 
111 
112 
113 
114 
115 
116 


60  TO  60 

IHD1  ■-   LTRS(15) 

GO  TO  60 

IHD1  *  LTRS<16) 

IHD2  «=  K 

IF  (NUPS.NE.O)  60  TO  62 

PRINT  107,IHD1,IHD2 

GO  TO  78 

60  TO  (63,64,65,66,67,68,69,70,71,72,73,74,75) ,NUPS 

PRINT  110,IHD1tIHD2l(UPS(JJ),JJ=1fNUPS) 

60  TO  78 

PRINT  111  ,IHD1,IHD2,(UPS(JJ),JJ^1,NUPS) 

GO  TO  78 

PRINT  112fIHD1,IHD2, (UPS(JJ), JJ=1,NUPS) 

GO  TO  78 

PRINT  113,IHD1,IHD2,(UPS(JJ)fJJ=*1,NUPS) 

GO  TO  78 

PRINT  114,IHD1,IHD2,<UPS<JJ),JJ=1,N«PS) 

GO  TO  78 

PRINT  115,IHD1,IHD2,(UPS(JJ),JJ=1,NUPS) 

GO  TO  78 

PRINT  1 16,IHD1,IHD2, (WPS < JJ) , JJ= 1 , NWPB ) 

GO  TO  78 

PRINT  117fIHD1,IHD2,(UPS(JJ),JJ=1,NUPS) 

60  TO  78 

PRINT  118,IHD1,IHD2,(UPS<JJ),JJ*1,NUPS> 

60  TO  78 

PRINT  1 1 9, IHD1 , IHD2 ,  (UPSUJ ) , JJ=1 ,NUPS) 

GO  TO  78 

PRINT  120, IHD1,IHD2,  (UPSUJ), JJ=1,NUPS) 

GO  TO  78 

PRINT  1 21  ,IHD1,IHD2,  (UPSUJ), JJ=1,NUPS) 

60  TO  78 

PRINT  122, IHD1,IHD2,  (UPSUJ), JJ=1,NUPS) 

LNN  *  INN  +  1 

»0  80  MN=1,NUPS 

WPS(MN)  «  0. 

CONTINUE 

STOP 

FORMAT  (■'!•', 55X,  PREDICTED  UATER  POTENTIAL', 33X,  13/  0  f28X, 

*'C00LIN6  TIME  IN  SECONDS  ',F5.1/ 

*'    VBX/PSYCHRQNETER  TEMPERATURE,   CENTI6RADE   — 


FORMAT 

FORMAT 

%' 

FORMAT 
*10  +20 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 


'O'^X/OFFSET  FROil  ZERO  IN  MICROVOLTS  ) 
'  ',28X,5(' +  '),' *  *  ',5< 


■30 


■20 


',28X,'   ~60   -50   -40 

+30   +40   +50   +60') 

,53X, 'WATER  POTENTIAL,  NEGATIVE  BARS'/ 
/,19X,A1,2X,I2,81X,F4.1) 
',19X,A1,2X,I2,73X,2(2X,F4.1)) 
/,19X,A1,2X,I2,67X,3(2X,F4.1)) 
/,19X,A1f2X,I2,61X,4<2X,F4.D) 
',19X,A1,2X,I2,55X,5(2X,F4.1)) 
',19X,A1,2X,I2I49X,6(2X,F4.D) 
/,19X,A1,2X,I2,43X,F4.1l2Xf6(2X,F4.D) 


',F5.1/'  ') 

-+'), 

10      0 
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163.  117  FORMAT  ('  ', 19X,A1,2X,I2,35X,F4.1 ,4X,F4.1 ,2X, 6(2X,F4.1 )) 

164.  118  FORMAT  ('  ',19X, A1 ,2XrI2, 27X,2<2X,F4.1 ) ,4X,F4.1 ,2X,6(2X,F4.1 )) 

165.  119  FORMAT  ('  ', 19X,A1 ,2X,I2,21X,3<2X,F4.1 ),4X,F4.1 ,2X,6(2X,F4.1 ) ) 

166.  120  FORMAT  ('  ',19XyAf ,2X,I2,15Xf4(2XyF4.l)v4XyF4.1y2X,6(2XfF4.1)) 

167.  121  FORMAT  ('  ', 19XyA1 y2XyI2y9Xy5(2XyF4.1 ) y4XyF4.1 y2Xy6<2X,F4.1 )) 

168.  122  FORMAT  ('  "y19XyA1 ,2XyI2y3Xy6(2XyF4.1 ), 4XyF4.1 , 2Xf 6(2XyF4.D) 

169.  107  FORMAT  ('  ", 19X,A1 ,2X,I2) 

170.  C        LIMITS  OF  APPLICATION: 

171.  C  14<  SEC  <  61 

172.  C  -1  <  TEMP,  DEGREE  CEN  <  41 

173.  C  MV  <  OR  EQUAL  TO  MIS*B*C 

174.  C  -61  <  OMV  <  61 

175.  DEBUG  SUBCHK 

176.  EMO 


Note  that  statements  1  through  176  comprise  the  program  necessary  to  table  output  on 
any  computer.  Only  systems  cards  and  minor  programming  conventions  peculiar  to  the 
computer  to  be  used,  need  be  altered. 
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Text 

variable 

SEC. 

SEC: 

TEMP 

TEMP: 

MV 

MV: 

MVS: 

MV15: 

WP 

WP: 

Ul 

UIS: 

UI15: 

SP 

SPS: 

SP15: 

N 

NS: 

N15: 

M 

MS: 

M15: 

1 

IS. 

115: 

- 

LNS: 

- 

LN15 

- 

RNS: 

- 

RN15: 

- 

DS: 

- 

D15: 

INT1 

$1AS: 

$A15: 

YP1 

$1YS: 

$1Y15 

INT2 

$2AS; 

$2A15 

YP2 

$2YS: 

$2Y15 

BIAS 

ZOE: 

OMV 

OMV: 

- 

WPK: 

C 

C: 

B 

B: 

. 

R 

Related  computer  variables  and  explanation 


microvolt  observation,  time  in  seconds 

temperature  in  degrees  centigrade,  in  soil  medium 

actual  microvolt  reading 

estimated  microvolt  reading  for  variaDle  seconds 

estimated  microvolt  reading  for  15  sec 

estimated  water  potential  for  MV  period  of  observation 

upper  intercept  for  estimated  MV  curves,  variable  seconds 

as  above,  for  15  sec 

water  potential  at  which  the  curve  of  estimated  MV  peaks,  for 
variable  seconds 

as  above,  for  15  sec 

power  of  the  WP-effect  for  variable  seconds 

as  above,  for  15  sec 

power  of  the  sigmoid  describing  N,  variable  seconds 

as  above,  for  15  sec 

inflection  point  of  the  sigmoid  describing  N,  variable  seconds 

as  above,  for  15  sec 

left  numerator  of  the  sigmoid  describing  N,  variable  seconds 

as  above,  for  15  sec 

right  numerator  of  the  sigmoid  describing  N,  variable  seconds 

as  above,  for  15  sec 

denominator  of  the  sigmoid  describing  N,  variable  seconds 

as  above,  for  15  sec 

intercept  for  UIS  descriptor,  at  variable  sec 

intercept  for  UI15  descriptor,  at  15  sec 

scaling  height  of  TEMP-effect  in  UIS,  at  variable  seconds 

scaling  height  of  TEMP-effect  in  UI15,  at  15  sec 

intercept  for  SPS  descriptor,  at  variable  seconds 

intercept  for  SP15  descriptor,  at  15  sec 

scaling  height  of  TEMP-effect  in  SPS,  at  variable  seconds 

scaling  height  of  TEMP-effect  in  SP15,  at  15  sec 

zero  offset  effect 

offset  microvolts  due  to  temperature  differential  at  thermocouple 
points 

=  WP  of-22.5,  a  constant 

correction  in  MV  estimate  due  to  OMV 

least  squares  fitting  coefficient  for  the  MV  model 

UIS*B*C 
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COMPUTER  PRINTOUT  OF  MODEL 

Computer  printout  of  predicted  water  potentials  in 
bars  for  the  temperature  range  of  0°  to  40°  C  (32°  to 
104°  F),  microvolt  output,  cool  time  in  sec,  and  zero- 
offset  in  10-microvolt  intervals  from  -60  to  +60  micro- 
volts. All  water  potential  values  are  unadjusted. 
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n  in  ial 


hi 

64 


COOLING  TIME  II)  SECONDS  --- 


30    -20    -10       0       tin    +  3 
WATER  ■ 


1 

• 

5 

' 

9 

r  .  .' 

5.  1 

.. 

13 

.' 

12 

I 

11.1 

i  u  .  7 

1  9  .  3 

18 

17.7 

17.0 

4 

_; 

7 

_ 

24.  i 

.3.1 

1 

3, 

6 

32 

29.5 

6 

44 

41  .9 

7 

54 

1 

50.9 

. 

2 

4C  .  7 

43.6 

41  .6 

8 

67 

2 

61.8 

=.7 

8 

51.7 

■ 

9 

65.8 

61  .4 

54.9 

1( 

70.7 

: : 

i. 

13 

14 

1: 

11 

IS 

19 

. 

4  .9 
10.0   9.6   9.3 

17.9   17.4 
26.1; 


.7.7 


31  . 


I   34.1 
44.9   43.1   41.4 

47.9   4,     :  : 

+ + + + + 

I 

.4 


: 

- 

24 

c 

B 

26 

37 

0 

3o 

29 

V 

30 

0 

31 

32 

L 

33 

34 

T 

3C 

36 

3  7 

F 

38 

39 

E 

- 

A 

41 

4; 

3 

43 

44 

I 

;: 

II 

it 

47 

G 

4 

49 

5C 

51 

52 

5  3 

54 

3' 

56 

57 

58 

59 

60 

61 
67 
68 

71 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  15.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  ---    1.0 


:■:, 

17 

is 

!'-.< 
20 

M  21 
22 

I  23 
24 

C  25 

R  26 
27 

0  28 
29 

V  30 

0  31 
32 

L  33 
34 

T   35 

36 

37 

R   38 

39 

E   40 

A  41 
42 

D  43 
44 

I   45 

N  46 
47 

G  48 
49 
50 

51 

52 

54 

55 

5  b 
57 
58 
59 
60 

61 

6  2 
63 
64 

6! 

66 
67 
68 
69 
70 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
+ + * * + ■» 

-30   -20   -10      0      +10   +20 

—  + + * * + + 

WATER  POTENTIAL,  NEGATIVE  BARS 


+40    +50    +60 


1 
2 
3 
4 

5 

6 
7 
8 

10 


5.5 

11.1 
16.9 

29.4 


5.2  5.0 

10.6  10.2 

16.2  15.6 

22.0  21.1 

28.0  26.9 


42.3 
51.4 
62.5 


40.0   37 

48.4   45 

58.0   54 

65 


9  36.1 

7  43.3 

4  51.3 

4  60.8 


34.4 
41.2 
48.6 
57.1 
68.3 


4  -  a 

9.8 
14.9 
20.2 
25.8 


4.7 

9.5 
14.4 
19.5 


4.5  4.4 

9.1  8.8 

13.9  13.4 

18.8  18.1 


4.: 

8.2 

12.5 

16.9 

21.4 


3.9 

8.0 

12.1 

16.4 

20.7 


30.3 

36.0 
42.2 
48.9 
56.4 


29.1 
34.6 
40.4 
46.7 
53.6 


28.0 
33.3 
38.8 
44.8 

51.2 


26.1 
30.9 

36.0 
41.4 
47.1 


25.2 
29.9 


11 

12 
13 
14 
L5 


65.7  61.7 


58.5 
68.1 


55  . 
63  . 


53.3 
60. E 

71.0 


51.2 
57.8 
65.9 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  15.0 

::r:TEK  TEMPERATURE,  CENTIGRADE  --- 


OFFSET  I  !                ROVOLTS 
__  + + *  A    + + 

30    -20    -10      0      +10 

WATER  POTENTIAL,  NEGATIVE  BARS 


1  6.0  5.7  5.4  5.2    5.0    4.8     4.6     4.4    4.3    4.1    4."    3 . , 

2  11.6  11.1  10.1    9.7                              8.0 

3  18.6  17.7  16.9  16.1   15.4   14.7  14.1     13.6 

4  25.4  24.1  22.9  .  .3   20.0  19.1     18.4   17.7   17.0   16.4   15.9   IS. 4 

5  32.5  30.6  :s  ,'..525.4  24.           22.4  21 J 


6  40.1   37.9  35.9  34.1  3:. 5  31.0  29.7  27.4         5.4  24.?   . 

7  48.5   45.6  43.1  40.8  38.8  37.0  35.3  33. S  32.5  31.2   30.1  29. 

8  58.2   54.2  50.9  48.1  45.6  43.3  41.3  34.5               ,,      .7   32.5 

9  65.0  60.1  56.3  53.1  50.3  47.8  45.6  43.6  41.7   40.: 

10  66.7  61.9  58.1  54.9  52.2  40.7  47.5   45.5  45.7   40.1 


11  68.4     63.4     59.7   56.  6   53.9   51.5   49.3   47.3 

12  3.155.453.0 

13  62.5   59.4 

14  67.5 
15 

16 

17 
i 

19 
20 

21 
22 

23 
24 

25 

+ + + + + *  -  + + + + + 

26 

:  l 

Ob 
2S 
30 

31 
33 
33 

3,4 
35 

36 

3  7 
35 
39 

40 

41 

4  3 
43 
44 
45 

+ + + + + .  -  + + + + + 

46 

4  ■' 
48 
49 

50 

51 

5.3 
53 
54 
55 

+ + + + + -   *   + + t + + 

56 

5  7 
58 
59 
60 

+ + + + + -  •  * + + -t . 

61 

6  2 

64 

65 

66 
67 

.3  3 
69 

7  0 


35 


PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  

PSYCHROHETER  TEMPERATURE,  CENTIGRADE 


15.0 
3.0 


Lb 
17 
18 
19 
20 


OFFSET  FROM  ZERO  IN  MICROVOLTS 

+20   +30   +40   +50 


-40    -30    -20    -10      0      +10 

+ + + * * + 

WATER  POTENTIAL,  NEGATIVE  BARS 


1 
2 

3 
4 
5 

6 
7 

a 

9 
10 

11 
12 

13 
14 
15 


5.7 
11.6 
17.8 
24.2 
30.9 


5.2 
10.5 
16.0 
21.7 
27.7 


4.9 

10.0 
15.3 
20.7 
26.3 


■,.- 

9.2 

14.0 

18.9 

24.0 


38.0 
45.8 
54.4 
65.1 


35.9 
43.0 
50.9 
59.9 


33.9 
40.6 
47.8 
55.9 
65.9 


32.2 
38.5 

45.1 
52.5 
61.0 


30.7 
36.5 
42.8 
49.5 
57.1 


29.3 
34.8 

40.7 
47.0 
53.9 


66.6  61.9 


4.4 

8  .  S 
13.4 
18.1 
23.0 

28.0 

33.3 
38.8 
44.7 
51.0 

58.2 
67.2 


4.2 

8.5 
12.9 
17.4 
22.0 


3.5 

7.1 
10.7 
14.5 
18.3 


26.8 
31.8 
37.1 
42.6 
48.5 


25.8 
30.5 
35.5 
40.7 
46.3 


8  23 

3  28 

1  32 

0  37 

3  42 


9  23, 

2  27, 

8  31 

5  36 

5  40 


22.2 
26.2 

30.4 
34.7 
39.3 


1   52.4   49, 

7   59.2   56 

67.7   63, 


9   47, 

1   53, 

4   60, 

68, 


8  45 

5  51 

0  57 

2  64 


44.0 

49.1 
54.5 
60.7 
68.6 


M  21 
22 

I  23 
24 

C   25 

R  26 
27 

0  28 
29 

V   30 

0  31 
32 

L   33 

34 

T   35 

3b 
37 

R  38 
39 

E   40 

A  41 
42 

D  43 
44 

1  45 


N 


46 

47 

43 
49 
50 

51 

S3 
5  3 
54 

5  5 

5  b 
57 
53 
59 

60 

61 

6  2 

o3 
-,4 
65 

66 
67 
6S 
69 
70 


-  + +  - 


-  + +  - 


* +, +  - 


-  + +  - 


-  + +  - 


-  + +  - 


-  + +  - 


-  + +  - 


-  + + * 


* + + +_ 


-  + +  - 


-  + +  - 


-+ +  - 


-  + +  - 


36 


36 

37 

R   38 

39 

:  4 

A   41 

42 

D   43 

44 
I   45 

M  46 
47 

G  48 
49 
50 

51 

'■  : 

54 
55 

56 

5  7 
S3 
59 

60 

61 

62 
63 

.,4 
65 

61 

..7 

68 
69 

to 


PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  

PSVCHROMETER  TEMPERATURE.  CENTIGRADE  ---    4.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
+ + *  ■ + + 

■30    -20    -10      0      tlO    HO 
WATER  POTENTIAL ,  NE 3AT1 


1  5.5  5.2  4.9  4.7    4.5    4  4.1  4.0  6  .4 

2  11.1  10.5  10.0  9.5    ".1    8.7  8.0  7.7    7.4  7.2  6,  I    I  1 

3  17.0  16.1  15.2  14.5  13.9  13.2  1 2: .  7  12.2  11.7   11.3  10.9  10, 

4  23.0  21.8  20.7  19.0  18.7  17.9  17.1  16.4  15.8   15.2  14.6  14.1   13.7 

5  29.4  27.7  26.3  25.0  23.  22.7  21.7  .  19.2  18.?  17.9   17.2 


6  36.1  34.0  32.2  30.5  29.0  27.7  26.5  25.3  24.3  23.4 

7  43.3  40.7  38.4  36.3  34.5  32.9  31.4  30.0  28.8  27.',   26.6   25.6   24.7 

8  51.2  47.9  45.0  42.5  40.3  38.3  36.5  34.9  33.4  \ 

9  60.3  55.9  52.3  49.2  46.5  44.1  41.9  40.0  38.2  36.6   15.2   i;. 

10  65.8  60.7  56.6  53.2  50.3  47.7  45.4  43.3  4 

11  65.6   61.0   c7.2     54.0     51.2   48.8   46.6   44.6   42.6   41.1 

12  71.9   65.5     61.2     5  7.7   54.7   52.1   49.7   47.6   45.7 

13  71.0     65.4   61.4   58.1   55.3   52.6   50.5 

14  70.4   ■   .    ■  : 

15  69.8   65.3   61.8 
+ + + + + * * + + + + + 

16  69.4 
17 

18 

lc< 
. 

21 

2. 
2  3 
24 
25 

2( 

27 
28 
29 

30 

31 
32 
3^ 
34 

35 


37 


PREDICTED  WATER  POTENTIAL 


M  21 
22 

I   23 

24 

C   25 

R   26 

27 

0   28 

29 

V   30 

0  31 
32 

L  33 
34 

T   35 

36 

37 

F   38 

39 

E   40 

A  41 
42 

D  43 
44 

I   45 


M 


5] 
52 

5  3 
'■A 
55 

56 

57 
58 
!  g 

60 

61 
62 

6 

.-■1 
65 


COOLING  TIME  IN  SECONDS  - 
PSYCHROMETER  TEMPERATURE, 


CENTIGRADE 


15.0 
5.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 

+ + + + + * * + + 

-60   -50   -40   -30   -20   -10      0      +10   +20 

+ + + + + * * + + 

WATER  POTENTIAL.  NEGATIVE  BARS 


1 
2 
3 
4 
5 

6 

7 
8 
9 

10 

11 

12 

1  ■; 
14 
L5 


5.2 
10.6 

16.2 
22.0 
28.0 


34.3 
41.0 
48.3 
56.4 
66.4 


9  . 6 
14.5 
19.7 
25.0 


4.! 

9.1 
13.8 
18.7 
23.7 


4.3 

8  .  7 

13.2 

17.8 

22.6 


8.3 
12.6 
17.0 
21.5 


30.5 
36.3 
42.5 
49.1 
56.5 


27.5 
32.6 
38.0 
43.7 
49.9 


26.2 
31.1 
36.2 

41.5 

47.2 


73.2  65.4 


60.5 
70.7 


53.3 
60.3 
69.1 


3.9 

7.9 
12.1 
16.3 
20.6 

25.0 
29.7 
■  4  .  '. 
39.5 
44.8 

50.5 
56.7 
64.0 


3.6 

7.3 

11.1 

15.0 

18.9 


3.5 

7.1 

10.7 

14.4 

18.2 


3.3 

6.6 

9.9 

13.4 

16.9 


3.1 

6.3 

9.6 

12.9 

16.3 


24.0 
28.4 
32.9 
37.7 
42.6 


22.1 
26.1 
30.2 

34.5 
39.0 


21.3 
25.1 
29.0 
33.1 

37.4 


20.5 
24.2 
28.0 
31.9 
35.9 


19.8 
23.3 
26.9 
30.7 
34.6 


45.7 
51.0 
56.8 
63.5 
73.4 


43.6 
48.6 
54.0 

59.9 
67.1 


41.8 
46.5 
51.4 
56.9 
63.0 


40.1 
44.5 
49.2 
54.2 
59.8 


38.6 
42.7 
47.1 
51.8 
56.9 


16 

17 
18 
19 
20 


71.3  66.3 


62.7 
70.0 


i.i. 
67 
68 
69 

70 


38 


:o 

H  21 
22 

I  23 
24 

C   25 

R   26 

27 

0   28 

29 
V   30 

0  31 
32 

L   33 

34 

T   35 

36 
37 

R   38 

39 

E   40 

A  41 
42 

D  43 
44 

1  45 

N  46 
47 

G  48 
49 

SO 

i 
52 

S3 
54 
55 

56 
57 

58 

59 
60 

61 
62 
63 
64 
65 

66 
67 
68 

69 

/' 


PREDICTED  WATER  FOTENTIAL 


COOLING  TIME  IN  SECONDS  15.0 

PSYCHROHETER  TEMPERATURE,  CENTIGRADE  ---    6.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
+ + • .  + + 

■30   -20   -10      0      +10   +:u 

+ + A * + + 

WATER  POTENTIAL.  NEGATIVE  BARS 


1  5.0  4.8  4.5  4.3  4.1  3.7  3.6  3.5  .1  3.0 

2  10.2  9.6  9.1  3.7  8.3  7.9  7.6  7.3  7.0  6.7  6.5  l  ,2  6.  I 

3  15.5  14.6  13.9  13.2  12.6  12.0  11.5  11.0  10.6  1  .2  3.8  9.4  9.1 

4  21.0  19.8  IS. 8  17.8  17.0  16.2  15.5  14.8  14.2  13.7  13.2  12 . 7  12.3 

5  26.7  25.2  23.8  22.6  21.5  20.5  19.6  18.7  18.0  17.3  16.6  16.0  15.5 


6  32.7  30.7  29.0  27.5  26.1  24.9  23.8  22.8  21.8  21.0  20.2  19.4  18.7 

7  39.0  36.6  34.5  32.6  31.0  29.5  28.1  26.9  25.8  24.7  23.8  22.9  22.1 

8  45.7  42.8  40.3  38.0  36.0  34.2  32.6  31.2  29.8  28.6  27.5  26.4  25.5 

9  53.1  49.5  46.4  43.7  41.3  39.2  37.3  35.6  34.0  32.6  31.3  30.1  29.0 
10  61.6  56.9  53.1  49.8  47.0  44.4  42.2  40.2  38.4  36.8  35.3  33.9  32.6 


11  65.9   60.7   56.5   53.0   50.1     47.4    45.1   43.0   41.1  39.4  37.8  36.3 

12  70.6   64.4   59.9   56.2     53.0     50.3   47.8   45.6  43.6  41.8  40.2 

13  68.3   63.2     59.2     55.9   53.0   50.4  48.2  46.1  44.2 

14  73.4     66.7     62.3   58.7   5  5.7  5  3.0  50.6  48.5 

15  70.5   65.3   61.5  58.3  55.5  53.0 
+ + + + + * * + + + + + 

16  68.6  64.3  60.8  57.9 

17  I  67.2  63.4 

18  70.4 
19 


39 


PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  

PSYCHROMETER  TEMPERATURE,  CENTIGRADE 


15.0 
7.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 

+ + * * + + + + + 

-30   -20   -10      0      +10   +20   +30   +40   +50   +60 

+ + * * + + + + + 

WATER  POTENTIAL,  NEGATIVE  BARS 


1 

4 

8 

4 

6   4 

3    4 

1   3 

9    3 

7 

3 

6 

3.4    3.3    3.2    3.1    3.0    2.9 

2 

9 

8 

9 

2   8 

7    8 

3   7 

9    7 

6 

7 

; 

6.9    6.7    6.4    6.2    5.9    5.7 

3 

14 

3 

14 

0   13 

3   12 

6   12 

0   11 

5 

11 

0 

10.5   10.1    9.7    9.3    9.0    8.7 

4 

5  0 

1 

15 

9   17 

9   17 

i   16 

2   15 

4 

14 

8 

14.1   13.6   13.0   12.5   12.1   11.7 

5 

25 

5 

24 

0   22 

7   21 

5   20 

5   19 

5 

18 

6 

• 

17.3   17.1   16.4   15.8  15.2   14.7 
+ +- + + + 

21.7   20.8   19.9   19.2   18.4   17. S 

6 

31 

2 

55 

3   27 

7   26 

2   24 

9   23 

7 

22 

6 

7 

37 

1 

34 

8   32 

8   31 

1   29 

5   28 

0 

26 

7 

25.6   24.5   23.5   22.6   21.7   20.9 

3 

43 

4 

4  0 

7   38 

2   36 

1   34 

2   32 

5 

31 

0 

29.6   28.3   27.1   26.1   25.1   24.2 

3 

50 

2 

46 

9   44 

C   4  1 

4   39 

2   37 

2 

35 

4 

33.7   32.3   30.9  29.7   28.5   27.5 

10 

57 

8 

53 

6   50 

1   47 

0   44 

4   42 

0 

■41 

9 

38.1   36.4   34.8   33.4   32.1   30.9 
42.6   40.6   38.8   37.2   35.7   34.3 

11 

.,7 

1 

61 

3   56 

8   53 

1   50 

0   47 

2 

44 

8 

12 

71 

5   64 

7   59 

9   E  6 

0   52 

7 

49 

9 

47.3  45.1   43.0  41.2   39.5   37.9 

1  i 

68 

3   63 

0   58 

8 

55 

4 

52.4   49.8   47.4   45.3   43.4   41.7 

1 ; 

72 

3   66 

0 

-51 

6 

57.9   54.8   52.1   49.7   47.5   45.6 

i'. 

69 

2 

64.3   60.4   57.2   54.4   51.9   49.6 
73.0   67.0   62.9   59.5   56.6   54.0 

16 

1  1 

70.0   65.4   61.8   58.7 

1  8 

73.7   67.9   64.0 

19 

70.6 

20 

+ + + + + 

M 

21 

22 

I 

23 
24 

C 

25 

+ + + + + 

R 

26 

21 

0 

28 

29 

V 

30 

--+ 

---" 

—  - 

t 

+ + + + + 

0 

31 

35 

L 

3  3 

34 

I 

3  5 

36 

37 

F 

38 

39 

E 

4" 

A 

41 
42 

D 

4. 
44 

I 

45 

N 

46 

47 

G 

4c 
4:' 

50 

- 

5  1 

52 

5  3 

:4 

5  5 

56 

57 

58 

59 

60 

A 

* 

61 

62 

63 

64 

0  5 

66 

67 

68 

69 

70 

40 


H   21 
22 

I   23 

24 

C   25 


R  26 
27 

0  28 
29 

V   30 


36 

J  7 
38 
39 
4i 


A  41 

42 
D   43 

44 
I   45 


N  46 
47 

G  48 
49 
50 


51 

5. 
5  3 
54 

5  5 

5  c 
5  7 
58 
59 
6C 

81 
62 
63 
64 
65 

8, 

88 
69 
70 


COOLING  TIME  IN  SECONDS  

PSYCHROMETER  TEMPERATURE,  CENTIGRADE 


OFFSET  FROl 

-60    -50    -40    -30    -20    -10             t]     ...j    +30    +40 
t + + + .f -  * + + + + 

WATER  POTENTIAL,  NEGATIVE 


1 

: 

3 
4 

5 

0 
7 

8 
9 
10 

1] 
12 

1  3 

14 

15 


4 

•5 

•; 

4 

4 

1 

S.9 

3 

8 

:-. 

8 

9 

4 

8 

9 

3 

4 

3.0 

7 

6 

7 

. 

14 

; 

: : 

4 

12 

7 

18.1 

1! 

5 

i: 

0 

19 

3 

18 

: 

17 

; 

16.3 

15 

5 

14 

24 

4 

0 

..1 

7 

--  + 

19 

6 

-  + 

18 

'j 

29 

8 

28 

0 

26 

5 

25.0 

8 

,3 

8. 

5  5 

5 

33 

: 

■: 

3 

29.6 

1 

7 

41 

■; 

38 

7 

36 

4 

34.4 

12 

6 

31 

0 

47 

7 

44 

5 

41 

39.4 

^7 

-. 

35 

3 

54 

6 

50 

-  + 

47 

-  -  + 

44  ,  6 
+ 

4  5 

1 

-  t 

5 '7 

9 

62 

6 

!  1 

6 

5  3 

6 

50.2 

4  7 

3 

44 

7 

7;, 

7 

65 

7 

•id 

'-- 

56.3 

53 

4  7 

6 

I  0  .  0 
13.5 
17.0 


6.  1 

12.4 
15.7 


1  5  . 0 
15.1 


11.1 


8ii.  7 
,4.4 

36.1 


34.5 


3  3.0 


31.7 


20.7 

.7.1 

3".  4 


9 


45.3 
47.0 

56.5 


40.7 

44  .8 

4 ,:'  .  1 

1 


35.3 

45  .8 
51.1 


33.9 
37.4 
41  .0 


46.8 


16 

18 
1'' 

28 


62.0 


58.1 

7i .; 


74.7 


50  .  7 
59.4 


41 


I   23 

24 

C   25 

R  26 
27 

0  28 
29 

V   30 

0  31 
32 

L   33 

34 

T   35 

36 

37 
R   38 

39 
E   40 

A  41 
42 

D  43 
44 

1  45 

N  46 
47 

G  48 
49 
50 

53 

' 

54 

r.c. 

56 

57 
58 

•  g 
60 

61 
62 

64 

6  5 

66 
67 
68 
69 

7(1 


PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  15.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  ---    9.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
+ + * * + + 

-30    -20    -10      0      +10    +20 
+ + * * + + 

WATER  POTENTIAL,  NEGATIVE  BARS 


1  4.5  4.2  4.0  3.8  3.6  3.4  3.3  3.2  3.0  2.9  2.8  2.7  2.6 

2  9.0  8.5  8.1  7.6  7.3  6.9  6.6  6.4  6.1  5.9  5.6  5.4  5.2 

3  13.7  12.9  12.2  11.6  11.0  10.5  10.0  9.6  9.2  8.9  8.5  8.2  7.9 

4  18.5  17.4  16.5  15.6  14.8  14.1  13.5  12.9  12.4  11.9  11.4  11.0  10.6 

5  23.5  22.1  20.8  19.7  18.3  17.9  17.0  16.3  15.6  15.0  14.4  13.9  13.4 
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COOLING  TIME  IN  SECONDS  30.0 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  30.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  ---   34.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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PREDICTED  HATER  POTENTIAL 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  30.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  ---   38.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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PREDICTED  WATER  POTENTIAL 


CONDS  30.0 

:!ETER  TEMPERATURE,  CENTIGRADE  ---   40.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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PREDICTED  WATER  POTENTIAL 
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COOLING  TIME  IN  SECONDS  

PSYCHROMETER  TEMPERATURE,  CENTIGRADE 
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PREDICTED  WATER  POTENTIAL 
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COOLING  TIME  IN  SECONDS  

PSYCHROHETER  TEMPERATURE,  CENTIGRADE 
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WATER  POTENTIAL,  NEGATIVE  BARS 


1 
2 
3 
4 
5 

6 
7 
6 
9 

10 

11 
12 

i: 

14 

15 


5.5 
11.1 
17.0 
23.0 
29.2 


4.7 

9.6 

14.6 

19.7 

25.0 


4.5 

9.2 

13.9 

18.8 

23.8 


-  +  - 


35.7 
4  ! .  6 
50.0 
58.1 
67.5 


33.8 
40.2 
47.0 
54.4 
62.6 


32.0 
38.1 
44.4 
51.2 
58.6 


30.4 
36.1 
42.1 
48.4 
55.2 


29.0 
34.4 
40.0 
45.9 
52.2 


4.4 

o .  8 
13.3 
18.0 
22.8 


72.6 


62.7 

71.7 


59.1 

66.8 
76.8 


55.9 
62.8 
71.0 


4.2 

8.4 

12.8 
17.3 
21.8 

26.5 
31.4 
36.4 
41.7 
47.2 

53.1 
59.4 

66.6 

75.5 


4.0 

8.1 

12.3 

16.6 

20.9 


3.7 

7.5 

11.4 

15.3 

19.4 


3.6 

7.3 

11.0 

14.8 

18.7 


3.5 

7.0 

10.6 

14.3 

18.0 


3.4 

6.8 
10.3 
13.8 
17.4 


25.4 
30.1 
34.9 
39.9 
45.1 


24.4 

28.9 
33.4 
38.2 
43.1 


23.5 

27.8 
32.1 
36.7 
41.4 


22.7 
26.7 
30.9 
35.3 
39.7 


21.9 
25.8 
29.8 
34.0 
38.2 


48.3 
53.8 
59.7 
66.4 
74.4 


46.3 
51.4 

57.0 
63.0 
69.9 


44.4 
49.3 
54.4 
60.0 
66.2 


42.7 
47.3 
52.2 
57.4 
63.0 


21.1 
24.9 
28.8 
32.7 
36.8 


41.1 
45.5 
50.1 
55.0 
60.3 


16 

17 
16 
19 

20 


79.4   73.6 


69. 

77. 


66.1 
72.8 


21 
22 

Zl 
24 

3: 

26 

27 
26 
29 

30 


69 
70 


118 





: 

3 

■; 

5 

'.. 

7 

6 

9 

LO 

11 

i: 

13 

14 

ir 

11 

17 

18 

19 

20 

H 

:i 

22 

I 

23 

24 

C 

25 

R 

26 

27 

0 

28 

29 

V 

30 

0 

31 

32 

L 

3"'. 

34 

T 

35 

5 .  3 

10.7  10.1 
16.2 

21.9   20.7   19.7 

... 

34.0   32.1     4 

40.5   38.; 

47  .4   44. 5   42. 

54.8  51.3  48.3   45.7   1 
63.0   50. 7   55.1   51.9 

73.0   67.1   6 

75.6 

36 

37 
R       38 

39 
E       40 

A  41 
42 

D  43 
44 

I      45 


N 


4  I 

r0 

51 
52 

r.3 
54 
55 

56 

57 

c8 

9 

60 

i  : 

i.O 
ol 
>  4 
65 


66 
67 
68 
69 
JO 


119 


PREDICTED  WATER  POTENTIAL 
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COOLING  TIME  IN  SECONDS  ■ 
PSYCHROHETER  TEMPERATURE 
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PREDICTED  WATER  POTENTIAL 
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COOLING  TIME  IN  SECONDS  - 
PSYCHROHETER  TEMPERATURE , 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  - 
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PREDICTED  WATER  POTENTIAL 
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COOLING  TII1E  IN  SECONDS 60.0 
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COOLING  TIME  IN  SECONDS  

PSYCHROMETER  TEMPERATURE,  CENTIGRADE 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  60.0 

PSYCHROHETER  TEMPERATURE,  CENTIGRADE  ---   27.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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PREDICTED  WATER  Pi 


COOLING  TIHt 
PSYCHROI1ETEK  TEMPERATURE 
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PREDICTED  WATER  POTENTIAL 


COOLING  TINE  IN  SECONDS  60.0 

PSYCHROHETER  TEIIPERATURE ,  CENTIGRADE  ---   29.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  60.0 

PSYCHROHETER  TEMPERATURE,  CENTIGRADE  ---   31.0 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  60.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  —   35.0 
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PREDICTED  WATER  POTENTIAL 


COOLING  TIME  IN  SECONDS  60.0 

PSYCHROMETER  TEMPERATURE,  CENTIGRADE  ---   39.0 


OFFSET  FROM  ZERO  IN  MICROVOLTS 
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Brown,  Ray  W.,  and  Dale  L.  Bartos. 

1982.  A  calibration  model  for  screen-caged  Peltier  thermocouple 
psychrometers.  USDA  For.  Serv.  Res.  Pap.  INT-293, 155  p.  Intermt. 
For.  and  Range  Exp.  Stn.,  Ogden,  Utah  84401. 

A  calibration  model  for  screen-caged  Peltier  thermocouple 
psychrometers  was  developed  that  applies  to  a  water  potential  range 
of  0  to-80  bars,  over  a  temperature  range  of  0°  to  40°  C,  and  for  cooling 
times  of  15  to  60  seconds.  In  addition,  the  model  corrects  for  the  effects 
of  temperature  gradients  over  zero-offsets  from -60  to  +60  microvolts. 
Complete  details  of  model  development  are  discussed,  together  with  the 
theory  of  thermocouple  psychrometers,  and  techniques  of  calibration 
and  cleaning.  Also,  information  for  computer  programing  and  tabular 
summaries  of  model  characteristics  are  provided. 
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The  Intermountain  Station,  headquartered  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  231  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana 
State  University) 

Logan,   Utah   (in  cooperation   with   Utah   State 
University) 

Missoula,    Montana    (in    cooperation    with    the 
University  of  Montana) 

Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young 
University) 

Reno,  Nevada  (in  cooperation  with  the  University 
of  Nevada) 
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RESEARCH  SUMMARY 

A  classification  system  is  presented  for  aspen-  (Populus 
tremuloides-)  dominated  forests  on  the  Caribou  and 
Targhee  National  Forests  in  southeastern  Idaho.  Twenty- 
three  aspen  community  types  are  defined  and  described. 
A  diagnostic  key  utilizing  indicator  plant  species  is 
provided  for  field  identification  of  the  community  types. 
Vegetational  composition,  productivity,  and  successional 
status  are  discussed.  Tables  are  provided  for  detailed 
comparisons. 
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Walter  F.  Mueggler  and  Robert  B.  Campbell,  Jr. 


INTRODUCTION 

Aspen  (Populus  tremuloides  Michx.)  forests  within  the 
Intermountain  Region  span  a  broad  environmental  range 
compared  to  other  major  vegetational  types.  Aspen  can 
be  found  associated  with  such  divergent  types  as  moist 
Picea-Abies  forests  and  relatively  dry  Arfem/s/a-grass 
steppes.  Within  the  region  it  occurs  at  elevations  ranging 
from  5,000  to  11,000  ft  (1  525  to  3  350  m),  and  on  all  topo- 
graphic exposures.  In  addition,  aspen  is  regarded  as  both 
a  serai  dominant  and  climax  dominant  tree,  but  its 
successional  status  on  a  specific  area  is  often  uncertain 
(Mueggler  1976).  The  diverse  environment  suitable  for  the 
growth  of  aspen  results  in  considerable  variation  in 
composition  of  undergrowth  vegetation,  its  productivity, 
and  the  potential  of  aspen  communities  to  produce 
forage,  wildlife  habitat,  and  wood  products. 

Intensive  multiple-use  management  for  the  resources 
produced  by  aspenlands  requires  that  we  be  able  to 
categorize  the  land  units  according  to  their  potential 
productivity  and  probable  response  to  management. 
Recognition  of  the  need  for  such  wildland  classifications 
has  prompted  the  current  thrust  in  habitat  type  classifi- 
cation in  the  West  (Pfister  1976).  Habitat  types  are  aggre- 
gations of  land  units  capable  of  supporting  similar 
climax  plant  communities  and  are  based  upon  species 
composition  of  the  climax  community.  Such  a  classifi- 
cation has  recently  been  completed  for  the  forests  of 
eastern  Idaho  and  western  Wyoming  (Steele  and  others, 
in  press),  which  covers  the  Caribou  and  Targhee  National 
Forests.  Aspenlands,  however,  were  not  treated  in  detail 
in  this  habitat  type  classification  because  aspen  was 
primarily  considered  to  be  either  serai  to  conifers,  or 
persistently  serai  with  unknown  climax  potential.  Steele 
and  others  (in  press)  did  recognize  climax  aspen  com- 
munities below  the  lower  limits  of  conifers  in  the 
Artemisia  tridentata  zone,  but  did  not  describe  these  in 
detail. 


The  uncertain  successional  status  of  many  aspen 
communities  renders  the  habitat-type  approach  to 
classifying  these  communities  infeasible  at  present.  A 
community-type  approach,  however,  is  appropriate 
because  it  avoids  the  presumption  of  climax.  Community 
types  are  aggregations  of  similar  plant  communities 
based  upon  existing  floristic  composition  regardless  of 
successional  status.  Both  of  these  approaches  to  classi- 
fication view  the  plant  community  as  an  environmental 
integrator.  Community  types  may  be  either  climax  types 
or  serai  types  leading  to  one  or  more  climax  types.  This 
existing  vegetation  is  usually  what  the  resource  manager 
must  contend  with  in  the  field.  Once  community  types 
are  defined,  effort  can  be  directed  toward  linking  these 
types  to  known  habitat  types  for  a  better  understanding 
of  the  successional  process.  Meanwhile,  the  community 
types  can  be  used  as  a  basis  for  mapping  and  resource 
management  planning. 

An  aspen  community  type  classification  was  recently 
developed  for  the  Bridger-Teton  National  Forest  in 
western  Wyoming  (Youngblood  and  Mueggler  1981).  This 
classification  described  26  community  types,  of  which 
three  were  considered  climax  community  types,  that  is, 
stable  communities  representing  habitat  types.  Sixteen 
were  considered  serai  to  climax  community  types 
dominated  by  conifers,  and  the  stability  of  seven  of  the 
types  was  uncertain.  The  Caribou  and  Targhee  National 
Forests  border  the  Bridger-Teton  National  Forest  on  the 
west,  and  thus  were  natural  candidates  for  extending  the 
aspen  classification  work.  All  three  Forests  contain 
sizable  acreages  of  aspen  communities  intermingled  with 
other  vegetation  types.  The  Forests  occur  mainly  within 
the  Middle  Rocky  Mountain  physiographic  province 
(Fenneman  1931),  which  appears  to  be  a  zone  of  tran- 
sition for  aspen  from  the  sporadic  occurrence  of  small 
groves  in  the  Northern  Rocky  Mountains  to  the  extensive 
stands  of  aspen  in  the  Colorado  Plateau  and  Southern 
Rocky  Mountain  provinces  (Mueggler ,  in  press). 


The  Caribou  and  Targhee  National  Forests  consist 
primarily  of  a  sequence  of  northerly  trending  mountain 
ranges  (fig.  1);  the  exceptions  to  this  are  the  Centennial 
Range,  with  an  east-west  orientation  along  the  northern 
part  of  the  Targhee  Forest  and  the  Yellowstone  Plateau. 
Elevations  range  from  approximately  5,000  ft  (1  525  m) 
along  the  edge  of  the  Snake  River  Plains  to  over  12,000  ft 
(3  650  m)  in  the  Teton  Range.  Within  this  elevational 
spread,  major  vegetation  zones  range  from  the  Artemisia 
steppes  on  the  plains  and  semiarid  portions  of  lower 
mountains,  through  the  Pseudotsuga  and  Abies  conifer- 
ous forest  zones,  to  alpine  tundra  on  the  highest  peaks. 
Aspen  communities  are  most  abundant  in  this  area  at 
elevations  between  6,000  and  7,500  ft  (1  830  and  2  290  m). 

Both  the  small  groves  and  larger  stands  of  aspen 
located  adjacent  to  and  scattered  throughout  the  pre- 
dominantly coniferous  forests  are  important  components 
of  the  vegetational  complex  of  these  two  National 
Forests.  Aspen-dominated  communities  are  regarded  as 
highly  desirable  multiple-use  areas.  They  not  only  provide 
abundant  livestock  forage  and  important  habitat  for 
many  forms  of  wildlife,  but  are  esthetically  pleasing,  offer 
good  watershed  protection,  and  are  a  potential  source  of 
wood  fiber. 

Our  objective  was  to  develop  a  classification,  based 
upon  existing  vegetation,  for  partitioning  the  natural 
variability  among  aspen  communities  on  the  Caribou  and 
Targhee  Forests.  It  is  hoped  that  this  classification  will 
serve  as  a  tool  for  improved  multiple-use  planning  and 
management  on  these  Forests. 

METHODS 

Species  composition  data  from  a  large  number  of 
aspen  stands  spanning  the  environmental  range  of  aspen 
on  the  two  Forests  were  required  to  develop  the  com- 
munity type  classification.  In  addition,  relatively  detailed 
and  time-consuming  plot  samples  were  needed  to 
describe  productivity,  stand  structure,  and  some  of  the 
environmental  features.  We  did  not  have  the  capability  to 
sample  all  stands  in  detail  and  still  obtain  sufficient 
numbers  from  which  to  structure  a  representative  classi- 
fication. Therefore,  a  dual  sampling  approach  was  used; 
reconnaissance  plots  were  sampled  rapidly  by  one 
person  traveling  independently  from  a  two-person  crew 
that  sampled  the  more  time-consuming  intensive  plots. 
The  reconnaissance  plots  were  designed  to  obtain 
estimates  of  species  composition  along  with  the  more 
easily  obtained  environmental  parameters.  The  intensive 
plots  were  designed  to  yield  data  on  stand  structure, 
age,  productivity,  and  environment  as  well  as  species 
composition. 

Field  Methods 

The  selection  of  a  stand  for  sampling,  although  sub- 
jective, was  without  conscious  bias.  The  selection 
criteria  were  to  sample  the  full  environmental  range  of 
aspen  and  to  sample  only  stands  that  were  sufficiently 
large  to  contain  the  sample  plot  within  an  apparently 
uniform  environment.  A  stand  was  considered  for 
sampling  if  at  least  50  percent  of  the  tree  canopy  cover 
consisted  of  aspen.  Neither  apparent  successional 


status  nor  grazing  intensity  were  considerations  in  stanc 
selection.  In  most  cases,  locating  stands  involved  travel- 
ing forest  roads  to  find  reasonably  accessable  candidal 
stands. 

Once  a  stand  was  selected  for  intensive  sampling,  a 
single  1/13-acre  (1/32-ha)  circular  macroplot  was  estab- 
lished in  a  relatively  uniform  and  representative  portion 
of  the  stand.  Clonal  ecotones  were  avoided  where  a 
stand  consisted  of  more  than  a  single  aspen  clone,  as 
were  the  ecotones  occurring  at  stand  margins  and 
atypical  openings.  Tree  data  determined  by  species  on 
the  entire  macroplot  consisted  of:  an  ocular  estimate  of 
overhead  canopy  cover;  reproduction  as  number  of  stem 
less  than  4.0  inches  (1  dm),  4.0  to  11.9  inches  (1  to  3  dm) 
and  12  to  55  inches  (3  to  14  dm)  high;  number  of  stems  t 
2-inch  (5-cm)  d.b.h.  size  classes;  and  age,  height,  and 
diameter  of  individual  trees  selected  to  represent  the 
dominant  and  other  well-defined  strata.  Species  compo- 
sition of  the  undergrowth  shrubs  and  herbs  was  deter- 
mined by  estimates  of  canopy-cover  classes  based  upor 
careful  overall  scrutiny  of  the  entire  macroplot.  In 
addition,  canopy  cover  of  shrubs,  graminoids,  forbs,  anc 
annuals  were  estimated  separately  as  vegetational 
classes.  Undergrowth  biomass  was  determined  by  a 
combination  of  estimating  and  clipping  current  year's 
growth  of  shrubs  (below  5  ft  [1.5  m]  high)  and  herbs  on 
three  sets  of  plots  randomly  distributed  on  the  1/13-acre 
(1/32-ha)  macroplot.  Each  set  of  plots  consisted  of  a 
cluster  of  five  circular  5.4-ft2  (1/2-m2)  microplots  on  whic 
the  current  growth  on  four  was  estimated  as  a  per- 
centage of  the  fifth,  which  was  then  clipped.  The  clippe' 
material  was  saved  and  later  dried  for  48  hours  at  158° 
(70°  C).  All  production  values  given  are  dry  weights.  Pro 
duction,  therefore,  was  based  on  15  microplots  per  star 
An  estimated  correction  was  applied  at  the  time  of 
sampling  to  adjust  for  sampling  either  earlier  or  later 
than  peak  standing  crop,  as  well  as  to  compensate  for 
obvious  utilization  by  livestock.  The  proportion  of  the 
current  growth  consisting  of  the  different  vegetation 
classes  was  estimated.  The  following  environmental 
parameters  were  determined  for  each  intensively 
sampled  stand:  elevation,  aspect,  percent  slope,  land 
form,  soil  parent  material,  depth  of  melanized  layer,  anc 
estimates  of  rooting  depth,  soil  rockiness,  and  soil 
texture.  Evidence  of  succession,  livestock  use,  and  othi 
interpretive  information  were  recorded.  A  total  of  114 
stands  scattered  across  the  Caribou  and  Targhee 
National  Forests  were  sampled  in  this  manner. 

The  relatively  rapid  reconnaissance  technique  involw 
choosing  an  approximately  1/10-acre  (1/25-ha)  portion  o 
the  selected  stand,  avoiding  apparent  ecotones,  and  by 
carefully  scrutinizing  the  area,  ocularly  estimating  the 
percentage  canopy  cover  of  each  species  as  well  as  th. 
of  total  shrub,  graminoid,  and  forb  classes.  Canopy  co\: 
of  trees  was  estimated  separately  for  that  portion  unde ' 
5  ft  (1.5  m)  high  (reproduction)  and  that  portion  over  thi: 
height.  The  environmental  parameters  of  elevation, 
aspect,  landform,  and  soil  parent  material  were  recordc 
and  interpretive  information  related  to  apparent  succes 
sion  and  animal  use  was  noted.  A  total  of  211  stands 
were  sampled  by  this  method  on  the  two  National 
Forests. 
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Figure  1.  —  The  Targhee  and  Caribou  National  Forests  in  southeastern  Idaho  covered  by 
this  classification,  including  the  locations  of  the  main  mountain  ranges. 


Data  Analysis 

Species  composition  data  from  the  total  325  stands 
were  used  to  develop  the  community  type  classification. 
Analyses  of  these  data  took  two  main  forms.1  First, 
similarity  between  stands  was  computed  using  species 
canopy  cover  and  Sorensen's  community  coefficient 
(Gauch  and  Whittaker  1972,  Mueller-Dombois  and  Ellen- 
berg  1974).  A  minimum  canopy  cover  value  of  3  percent 
qualified  a  species  for  inclusion  in  comparisons;  aspen 
was  the  only  species  arbitrarily  excluded  from  the  com- 
parisons since  its  presence  was  a  criterion  for  stand 
selection.  The  minimum  value  constraint  was  imposed  to 
eliminate  those  species  contributing  very  little  to  com- 
munity composition.  Similarity  index  values  can  range 
from  0.00  to  1.00,  with  the  latter  indicating  identical 
species  having  identical  canopy  cover  in  compared 
stands.  Of  the  31,375  comparisons,  only  8.9  percent  had 
values  exceeding  0.50  and  only  1.5  percent  had  values 
exceeding  0.66.  Cluster  analyses  of  the  similarity  indices, 
using  the  unweighted-pair-group  method  with  arithmetic 
averages  (Sokal  and  Sneath  1964;  Marshal  and  Romes- 
burg  1977),  permitted  initial  groupings  which  gave  in- 
sights to  community  relationships.  This  objective, 
numerical  taxonomic  approach,  however,  did  not  by  itself 
result  in  community  groupings  sensible  for  management. 
We  believe  that  the  relatively  few  species  exerting  a 
dominant  role,  as  expressed  by  a  combination  of  life 
form  and  amount  of  canopy  cover,  should  be  stressed  in 
the  development  of  a  meaningful  classification.  The 
importance  of  these  species  appeared  to  be  over- 
shadowed by  the  great  variation  in  presence  and  cover  of 
relatively  minor  species  in  the  computation  of  the  simi- 
larity indices. 

The  second  form  of  analysis,  the  synthesis  or  associ- 
ation table  method  (Mueller-Dombois  and  Ellenberg  1974), 
permitted  subjective  recognition  of  similarities  in  vegeta- 
tional  structure  in  species  fidelity,  constancy,  and  cover- 
age. Numerous  reiterations  of  stand  alignments 
permitted  sequencing  the  stands  according  to  visual 
similarities  of  occurrence  and  structural  dominance  of 
what  we  consider  important  species  indicative  of  environ- 
ment, grazing  degradation,  and  management  concern. 

The  stands  were  subsequently  grouped  into  com- 
munity types  according  to  the  constancy  and  dominance 
of  the  selected  indicator  species.  Vegetational  structure 
was  a  prime  consideration  in  forming  the  groups.  The 
presence  or  absence  of  substantial  amounts  of  conifers 
in  the  overstory,  or  potentially  so  as  judged  by  regenera- 
tion, was  the  first  separation  element.  The  presence  of 
conifers  was  considered  highly  relevant  because  of  suc- 
cessional  implications.  Those  stands  containing  sub- 
stantial amounts  of  conifers  were  categorized  as  aspen- 
conifer  cover  types,  which  were  then  further  partitioned 
into  community  types.  Given  sufficient  time,  all  such 
mixed  cover  types  will  probably  succeed  to  coniferous 
forest  climax  communities  in  the  normal  course  of  suc- 
cession. The  presence  or  absence  of  a  tall  shrub  layer 
and  of  a  low  shrub  layer  were  the  second  and  third 
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elements  considered  in  grouping  stands.  These  shrub 
layers  not  only  tend  to  reflect  environmental  differences 
but  are  also  highly  relevant  to  management.  The  prev- 
alent or  indicator  species  in  the  herb  layer  was  the  fourth 
element.  Thus,  species  prevalence  within  the  tree,  tall 
shrub,  low  shrub,  and  herb  life  form  classes  were  used  to 
delineate  and  characterize  the  aspen  community  types. 
The  resulting  community  type  nomenclature  consists  of 
binomial  and  trinomial  names  based  upon  the  primary 
trees,  shrubs,  and  herbs  used  in  the  separations. 

Following  the  grouping  of  stands  into  community 
types,  a  dichotomous  key  was  prepared  based  upon 
characterizing  species  and  checked  against  all  stands. 
This  key  will  facilitate  field  identification  of  the  com- 
munity types.  The  key  is  usable  with  a  knowledge  of  five 
trees,  seven  shrubs,  four  graminoids,  and  five  forbs. 

The  constancy  of  occurrence  of  species  in  stands 
within  a  community  type  and  its  average  canopy  cover 
was  computed  for  the  more  important  species.  These 
values  are  summarized  in  appendix  A  for  ready  compari- 
son of  species  composition  in  the  different  community 
types. 

The  basal  area  and  site  index  of  Populus  tremuloides 
are  summarized  by  community  types  in  appendix  B. 
Eighty-year  site  index  was  computed  for  each  of  the 
intensively  sampled  stands  using  Jones'  (1967)  site  index 
curves  for  aspen. 

Undergrowth  production,  composition  by  vegetational 
classes,  and  forage  suitability  are  summarized  in  appen- 
dix C.  An  approximation  of  suitability  as  livestock  forage 
was  derived  from  our  species  composition  data  based 
upon  canopy  cover,  and  from  species  palatability  ratings 
developed  for  the  Intermountain  Region  by  USDA  Forest 
Service  (1969).  The  proportion  of  the  summed  canopy 
cover  comprised  of  species  falling  into  each  of  three 
desirability  classes  (desirable,  intermediate,  least)  is  con- 
sidered an  index  to  the  value  of  the  undergrowth  as  live- 
stock forage. 

Special  Considerations 

A  word  of  explanation  regarding  our  concept  of  plant 
community  organization  might  add  perspective  to  the 
development  of  the  classification  and  its  potential  use. 
Seldom,  if  ever,  do  plant  communities  fall  into  clearcut 
taxonomic  units.  This  is  because  no  two  plant  communi- 
ties are  identical;  species  composition  differs  from  place 
to  place  because  of  environmental  and  successional 
gradients  as  well  as  because  of  chance.  Even  where 
environmental  stability  and  lack  of  physical  disturbance 
have  permitted  the  development  of  climax  communities, 
subtle  environmental  differences  from  place  to  place  anc 
the  factor  of  chance  contribute  to  certain  differences  in 
the  kinds  and  amounts  of  species  comprising  each  com- 
munity. Such  differences  in  species  composition  are  eve  i 
more  pronounced  in  serai  vegetation  which  reflect  in 
addition  the  variable  effects  of  past  and  current  dis- 
turbance. Vegetation  classification,  therefore,  becomes  i 
matter  of  arbitrarily  deciding  upon  the  amount  of  vari- 
ability in  composition  tolerable  in  the  taxonomic  unit. 
This  vegetation  variability  in  turn  reflects  the  amount  of 
environmental  and  successional  variability  acceptable  ir 
defining  the  units.  The  amount  of  variability  acceptable 


should  be  determined  by  the  need  for  and  projected  use 
of  the  resulting  classification. 

Nomenclature  of  most  plant  species  follows  Hitchcock 
and  others  (1955-69),  except  in  a  few  instances  where 
Harrington  (1954)  is  appropriate.  Field  identification  of 
certain  rather  common  species  presented  problems  that 
were  resolved  by  combining  species.  Positive  separation 
of  Thalictrum  occidentalis  and  Thalictrum  fendleri  is  very 
difficult  without  mature  achenes;  these  two  species  are 
treated  as  T.  fendleri  since  it  is  probably  more  common 
in  the  area.  Osmorhiza  depauperata  and  Osmorhiza 
chilensis  are  also  difficult  to  separate  without  mature 
fruits  and  often  occupy  similar  sites;  they  are  combined 
as  O.  chilensis.  Similarly,  Rosa  nutkana  and  Rosa 
woodsii  are  combined  as  R.  woodsii  since  they  are  diffi- 
cult to  separate  without  flowers  and  apparently  also 
hybridize.  Field  separation  of  Arnica  latifolia  and  Arnica 
cordifolia  can  also  be  difficult  at  times;  these  two 
species  are  therefore  combined  as  A.  cordifolia,  which 
tends  to  occupy  the  drier  forested  sites  and  was  en- 
countered most  frequently.  Symphoricarpos  albus  and 
Symphoricarpos  oreophilus  are  difficult  to  separate 
unless  one  notes  the  small  hollow  hole  in  the  pith  of 
S.  albus  and  the  tendency  of  the  nonrhizomatous  S.  oreo- 
philus to  occur  in  clumps.  Steele  and  others  (in  press) 
indicate  that  S.  albus  tends  to  occupy  terraces,  moist 
areas,  and  fine  textured  soils,  whereas  S.  oreophilus  is 
more  widespread  and  abundant  on  drier  rocky  sites. 
Youngblood  and  Mueggler  (1981)  observed  that  S.  albus 
was  confined  to  northwestern  Wyoming  whereas  S.  oreo- 
philus occurred  throughout  western  Wyoming.  We 
observed  that  S.  albus  was  fairly  well  confined  to  the 
northern  portion  of  eastern  Idaho  where  both  species 
frequently  occupied  the  same  site.  Valid  taxonomic 
separation  of  Geranium  fremontii  is  questionable.  This 
confusion  is  reflected  by  different  floras  which  seldom 
treat  both  species.  In  Utah  and  Colorado  the  pink 
flowered  Geranium  with  a  nonglandular  base  is  com- 
monly called  G.  fremontii,  whereas  in  Idaho  and  western 
Wyoming  it  is  referred  to  as  G.  viscosissimum  var. 
nervosum.  We  have  chosen  to  use  the  G.  viscosissimum 
name  for  this  uncertain  complex. 

Community  type  classifications  are  intrinsically  weak 
in  ability  to  communicate  information  on  successional 
status.  Such  classifications  are  based  on  existing 
floristics,  which  may  be  appreciably  altered  from  climax. 
Whether  a  named  type  is  serai  or  stable  can  have  pro- 
nounced management  implications.  We  have  attempted 
to  clarify  the  successional  status  of  our  aspen  com- 
munity types  by  linking  them  to  Steele  and  others'  (in 
press)  coniferous  forest  habitat  type  classification,  where 
appropriate,  and  to  other  community  types  in  our  classi- 
fications. This  was  done  primarily  by  comparing  species 
composition  and  environments  in  the  context  of  probable 
changes  caused  by  disturbance.  At  best,  the  linkages  are 
only  suggestive  and  will  require  intensive  separate  study 
for  confirmation  of  the  successional  relationships. 

COMMUNITY  TYPES 

This  classification  partitions  those  forest  communities 
on  the  Caribou  and  Targhee  National  Forests  in  which 
aspen  comprises  at  least  50  percent  of  the  tree  canopy 


into  four  cover  types  based  upon  the  dominant  overstory 
trees.  The  cover  types  are  then  separated  into  a  total  of 
23  community  types  based  upon  dominant  species  in  the 
undergrowth. 

Cover  and  Undergrowth  Types 

Stands  containing  at  least  5  percent  canopy  cover  of 
Abies  lasiocarpa,  alone  or  combined  with  Picea  engel- 
mannii,  are  considered  to  be  in  the  Populus  tremuloides- 
Abies  lasiocarpa  cover  type.  Lacking  this  amount  of  the 
more  tolerant  conifers  but  containing  at  least  10  percent 
canopy  cover  of  Pseudotsuga  menziesii  qualified  a  stand 
for  the  P.  tremuloides-P.  menziesii  cover  type.  Lacking 
the  above-named  conifers  but  containing  at  least  10  per- 
cent canopy  cover  of  Pinus  contorta  qualified  for  inclu- 
sion in  the  P.  tremuloides-P.  contorta  cover  type.  Stands 
containing  lesser  amounts  of  conifers  were  relegated  to 
the  P.  tremuloides  cover  type.  These  minimal  cover  re- 
quirements for  conifers  were  subjectively  judged  to 
approximate  the  level  required  for  the  species  to  validly 
indicate  site  differences,  as  well  as  being  indicative  of 
successional  trends. 

The  P.  tremuloides  cover  type  is  further  subdivided  into 
three  undergrowth  types  based  upon  vegetational  struc- 
ture. Those  community  types  possessing  a  distinct  tall 
shrub  component  are  placed  in  the  tall  shrub  under- 
growth type.  Those  without  a  pronounced  tall  shrub  layer 
but  that  possess  a  distinct  layer  of  low  shrubs  are  placed 
in  the  low  shrub  undergrowth  type.  Community  types  that 
lack  a  well-defined  layer  of  shrubs  are  placed  within  the 
herb  undergrowth  type. 

Community  types  within  a  cover  type  were  partitioned 
on  the  basis  of  dominant  species  composition  within  the 
shrub  and  herb  layers.  The  community  type  name  con- 
sists of  the  one  or  two  characterizing  tree  species  in  the 
cover  type,  followed  by  the  one  or  two  characterizing 
shrub  species  (if  present),  which  is  then  followed  by  the 
characterizing  forb  or  grass.  In  no  case  does  a  name 
exceed  a  trinomial  of  the  most  characteristic  species. 

Only  six  community  types  were  identified  within  cover 
types  containing  conifers.  The  remaining  17  community 
types  are  all  contained  within  the  Populus  tremuloides 
cover  type.  Community  type  categories  were  based  upon 
as  few  as  two  and  as  many  as  53  stands.  Forty  percent 
of  all  stands  sampled  fell  into  the  following  three  com- 
munity types:  Populus  tremuloides! Amelanchier  alnifolia- 
Symphoricarpos  oreophilus  at.;  P.  tremuloides/S. 
oreophilus-Calamagrostis  rubescens  c.t.;  P.  tremuloides/ 
C.  rubescens  c.t.  A  listing  of  all  community  types  is  given 
in  table  1.  Of  the  325  stands  sampled,  only  six  could  not 
be  matched  with  any  of  the  23  community  types  listed. 

Successional  Status 

The  community  types  described  by  this  study  are 
classification  units  reflecting  existing  vegetation.  We  did 
not  attempt  to  selectively  sample  only  those  communi- 
ties thought  to  be  in  balance  with  their  environment 
(climax  communities).  The  community  types  thus  repre- 
sent both  vegetation  that  is  relatively  stable  with  the 
environment  as  well  as  vegetation  that  is  serai  and 
changing  to  a  type  having  considerably  different  compo- 
sition. 


Table  1.— Aspen  community  types  (c.t.)  by  cover  type  categories  on  the  Caribou  and  Targhee  National  Forests 

Cover  type  and  community  type 


Abbreviation 


Populus  tremuloides-Abies  lasiocarpa  cover  type 

P.  tremuloides  A.  lasiocarpa/Symphoricarpos  oreophilus  c.t. 
P.  tremuloides-A.  lasiocarpa/Thal/ctrum  fendleri  c.t. 

Populus  tremuloides-Pseudotsuga  menziesii  cover  type 

P.  tremuloides-P.  menziesiil  Amelanchier  alnifolia  c.t. 

P.  tremuloides-P.  menziesii/Symphoncarpos  oreophilus  c.t. 

P.  tremuloides-P.  menziesu/Calamagrostis  rubescens  c.t. 

Populus  tremuloides-Pinus  contorta  cover  type 

P.  tremuloides-P.  contorta/Calamagrostis  rubescens  c.t. 

Populus  tremuloides  cover  type 
(Tall  Shrub  undergrowth  type) 

P.  tremuloides/ Amelanchier  alnifolia-Pachistima  myrsinites  c.t. 
P.  tremuloides! Amelanchier  alnifolia-Spiraea  betulifolia  c.t. 
P.  tremuloides/ 'Amelanchier  almfolia-Symphoricarpos  oreophilus  c.t. 
P.  tremuloides/Amelanchier  almfolia-Calamagrostis  rubescens  c.t. 

(Low  Shrub  undergrowth  type) 

P.  tremuloides/Pachistima  myrsimtes-Calamagrostis  rubescens  c.t. 

P.  tremuloides/Pachistima  myrsinites-Geramum  viscosissimum  c.t. 

P.  tremuloides/Spiraea  betulitolia-Calamagrostis  rubescens  c.t. 

P.  tremuloides/Symphoricarpos  oreophilus-Calamagrostis  rubescens  c.t. 

P.  tremuloides/Symphoricarpos  oreophilus-Poa  pratensis  c.t. 

P.  tremuloides/Symphoricarpos  oreophilus-Rudbeckia  occidentalis  c.t. 

P.  tremuloides/Artemisia  tridentata-Festuca  idahoensis  c.t. 

(Herb  undergrowth  type) 

P.  tremuloides/Geranium  viscosissimum  c.t. 

P.  tremuloides/Wyethia  amplexicaulis  c.t. 

P.  tremuloides/Calamagrostis  rubescens  c.t. 

P.  tremuloides/Calamagrostis  rubescens-Poa  pratensis  c.t. 

P.  tremuloides/Poa  pratensis  c.t. 

P.  tremuloides/Rudbeckia  occidentalis  c.t. 


POTR-ABLA/SYOR 
POTR-ABLA/THFE 


POTR-PSME/AMAL 
POTR-PSME/SYOR 
POTR-PSME/CARU 

POTR-PICO/CARU 


POTR/AMAL-PAMY 
POTR/AMAL-SPBE 
POTR/AMAL-SYOR 
POTR/AMAL-CARU 

POTR/PAMY-CARU 

POTR/PAMY-GEVI 

POTR/SPBE-CARU 

POTR/SYOR-CARU 

POTR/SYOR-POPR 

POTR/SYOR-RUOC 

POTR/ARTR-FEID 

POTR/GEVI 

POTR/WYAM 

POTR/CARU 

POTR/CARU-POPR 

POTR/POPR 

POTR/RUOC 


Whether  a  community  is  serai  or  stable  can  appreci- 
ably affect  management  decisions.  It  is  important,  there- 
fore, to  be  able  to  judge  the  successional  status  of  com- 
munity types.  Community  stability  is  indicated  when 
existing  individuals  are  replaced  by  their  own  progeny 
without  disturbance;  thus  the  community  is  self-perpetu- 
ating. In  serai  communities,  current  populations  of  some 
species  tend  to  be  replaced  by  other  species  resulting  in 
gradual  changes  in  composition.  Accurate  determination 
of  stability  may  require  intensive  ecological  studies; 
however,  initial  judgments  can  be  made  by  examining 
stand  age  structure,  trends  toward  shade-tolerant 
species,  and  the  relative  abundance  of  species  known  to 
increase  with  such  disturbances  as  abusive  livestock 
grazing.  Such  indices  permitted  us  to  develop  the  prob- 
able successional  status  of  each  community  type 
(table  2). 

Twelve  of  the  community  types  were  thought  to  be 
stable  and  should  probably  be  considered  to  represent 
aspen  habitat  types.  Six  others  are  considered  serai 
within  coniferous  forest  habitat  types  described  by 
Steele  and  others  (in  press),  and  the  remaining  five  are 
thought  to  be  serai  communities  caused  by  abusive 
grazing  in  both  aspen  and  coniferous  forest  habitat 
types.  The  relationship  of  a  serai  community  type  to  a 
specific  habitat  type  was  judged  by  similarities  in 
composition  of  the  vegetation,  by  perceived  alterations 
attributable  to  successionary  trends,  and  by  similarities 


in  environment.  The  uncertainty  of  placement  in  a 
specific  habitat  type  is  caused  primarily  by  the  lack  of 
clearly  defined  relationships.  As  Huschle  and  Hironaka 
(1980)  have  pointed  out,  however,  all  community  types  an 
not  unique  to  a  habitat  type.  It  is  therefore  possible  for  a 
specific  community  type  to  be  a  serai  type  in  more  than 
one  habitat  type,  or  possibly  serai  on  one  site  and  stable 
on  another. 

Relation  to  Bridger-Teton  Aspen 
Classification 

A  number  of  differences  exist  between  the  aspen  com 
munity  types  described  for  the  Bridger-Teton  National 
Forest  in  western  Wyoming  (Youngblood  and  Mueggler 
1981)  and  those  described  here  for  the  Caribou  and 
Targhee  National  Forests.  These  differences  stem  pri- 
marily from  two  separate  causes:  (1)  actual  vegetational 
differences  attributable  to  differences  in  both  environ- 
ment and  floristic  geography;  (2)  differences  in  concepts 
used  in  developing  the  classifications  regarding  mean- 
ingful assemblages  of  species.  Additionally,  selection  o 
nomenclature  for  similar  community  types  has  caused 
some  minor  discrepancies. 

We  did  not  encounter  in  southeastern  Idaho  14  of  the 
species  assemblages  described  as  community  types  for 
the  Bridger-Teton  National  Forest  (table  3).  Most  of  the 
types  not  observed  in  Idaho  only  occurred  infrequently  i  i 


Table  2.  — Probable  relationships  between  aspen  community  types  on  the  Caribou  and  Tar  ghee  National  Forests  and  previously  identified 
habitat  types 


Aspen 
community  type 


POTR-ABLA/SYOR 
POTR-ABLA/THFE 
POTR-PSME/AMAL 

POTR-PSME/8YOR 

POTR-PSME/CARU 

POTR-PICO/CARU 

POTR/AMAL-PAMY 

POTR/AMAL-SPBE 

POTR/AMAL-SYOR 

POTR/AMAL-CARU 
POTR/PAMY-CARU 

POTR/PAMY-GEVI 
POTR/SPBE-CARU 

POTR/SYOR-CARU 

POTR/SYOR-POPR 

POTR/SYOR-RUOC 

POTR/ARTR-FEID 

POTR/GEVI 

POTR/WYAM 

POTR/CARU 

POTR/CARU-POPR 

POTR/POPR 

POTR/RUCC 


Probable  habitat  type 
ABLA/CARU.  CARU  phase  ' 
ABLA/OSCH.  PAMY  phase  ' 
PSME/SYAL1 

PSME/CARU1 

PSME/CARU  ' 
ABLA/CARU1 
POTR/AMAL-PAMY2 

POTR/AMAL-SPBE2 

POTR/AMAL-SYOR2 

POTR/AMAL-CARU2 
POTR/PAMY-CARU2 

POTR/PAMY-GEVI2 
POTR/SPBE-CARU2 

POTR/SYOR-CARU2 

POTR/SYOR-CARU2 

(uncertain) 

POTR/ARTR-FEID2 

POTR/GEVI2 

POTR/WYAM2 

POTR/CARU2 

POTR/CARU2 

POTR/CARU2 

(uncertain) 


Habitat  types  in  southeastern  Idaho  described  by  Steele  and  others  (in  press). 
"Apparently  stable  aspen  community  types  described  in  this  study  that  should  be  recognized  as  distinct  habitat  types 


Other  possible 
habitat  ty | 

ABLA/OSCH  ' 

ABLA/THOC1 

PSME/OSCH1 
PSME/CARU  ' 

PSME/OSCH  ' 
PSME/SYAL' 

(none) 

PSME/CARU1 

ABLA/CARU.  PAMY  phase' 
PSME/CARU.  PAMY  phase1 

PSME/SPBE.  CARU  phase' 
PSME/SYAL' 

PSME/SYAL  ' 
ABLA/SYAL1 

PSME/CARU,  CARU  phase  ' 

PSME/CARU.  PAMY  phase' 
ABLA/CARU.  PAMY  phase1 

ABLA/OSCH.  PAMY  phase1 

PSME/SPBE.  CARU  phase' 
PSME/SYAL1 

PSME/CARU.  CARU  phase' 
ABLA/CARU.  CARU  phase' 

PSME/CARU.  CARU  phase1 
ABLA/CARU.  CARU  phase  1 

ABLA/THOC' 

ARTR/FEID3 

ABLA/THOC' 

(none) 

PSME/CARU,  CARU  phase' 

PSME/CARU.  CARU  pi 

ABLA/CARU.  CARU  pi 
PSME/CARU.  CARU  phase  ' 

ABLA/THOC' 


Hironaka  and  Fosberg  (1979). 

western  Wyoming.  The  Populus  (remuloides/Ligusticum 
filicinum  and  P.  tremuloides/Berberis  repens  community 
types,  however,  were  fairly  common  in  western  Wyoming 
yet  were  not  recognized  in  southeastern  Idaho.  The  abun- 
dance of  L  fiiicinum  in  the  former  and  B.  repens  in  the 
latter  are  characteristic  and  distinct  markers  for  these 
two  types.  Although  both  of  these  species  occur  in  south- 
eastern Idaho,  they  seldom  if  ever  were  observed  in  suffi- 
cient abundance  to  warrant  community  type  designation 
based  on  their  relative  dominance. 

In  developing  our  classification  we  stressed  separation 
of  species  assemblages  based  upon  what  we  considered 


were  the  features  potentially  most  relevant  to  manage- 
ment. Concepts  of  relevancy  change,  and  hopefully 
mature,  with  increased  knowledge  of  vegetation  diversity 
and  perceived  management  needs.  Overall  vegetation 
structure  received  foremost  consideration.  As  with  the 
Bridger-Teton  classification,  presence  of  critical  amounts 
of  conifers  was  a  primary  separation  feature.  In  contrast 
to  the  Bridger-Teton  classification,  however,  we  used 
critical  amounts  of  tall  shrub  synusia  and  a  low  shrub 
synusia  as  second  and  third  elements  in  forming  the 
Caribou  and  Targhee  classification.  The  prevalent  taxon. 


Table  3.  — Community  types  described  for  the  Bridger-Teton 

National  Forest  (Youngblood  and  Mueggler  1981)  are 
different  than,  equivalent  to,  or  contained  within  those 
indicated  for  the  Caribou  and  Targhee  National 
Forests 

Aspen  Community  types 

Caribou  and 
Bridger-Teton  N.F.  Targhee  N.F.'s 

POTR-ABLA/PRVI  different 

POTR-ABLA/UFI  different 

POTR-ABLA/PERA  different 

POTR-ABLA/BERE  different 

POTR-ABLA/SHCA  different 

POTR-ABLA/ARCO  different 

POTR-ABLA/RUOC  different 

POTR-PSME/SPBE  different 

POTR/RAAL  different 

POTR/EQAR  different 

POTR/LIFI  different 

POTR/JUCO  different 

POTR/BERE  different 

POTR/SHCA  different 

POTR/ASMI  different 

POTR-PSME/SPBE POTR-PSME/PRVI 

POTR-PSME/CARU POTR-PSME/SYOR 

POTR-PSME/CARU 

POTR/PRVI POTR/AMAL-SYOR 

POTR/AMAL-CARU 

POTR/SPBE POTR/AMAL-SPBE 

POTR/SPBE-CARU 

POTR/SYOR POTR/SYOR-CARU 

POTR/SYOR-POPR 
POTR/PAMY-GEVI 

POTR/ARTR POTR/ARTR-FEID 

POTR/CARU POTR/SYOR-CARU 

POTR/CARU 
POTR/CARU-POPR 

POTR/ARCO POTR/GEVI 

different 

POTR/THFE POTR/GEVI 

different 

POTR/HELA POTR/RUOC 

POTR/RUOC POTR/RUOC 

POTR/WYAM POTR/WYAM 

or  taxa,  in  the  herb  layer  was  the  final  element  con- 
sidered. Thus,  a  prominent  community  type  such  as 
POTR/CARU  in  the  Bridger-Teton  classification  will  be 
found  subdivided  in  the  Caribou  and  Targhee  classifica- 
tion (table  3),  depending  upon  the  presence  of  critical 
levels  of  Symphoricarpos  oreophilus.  Similarly,  the 
POTR/SYOR  community  type  of  the  Bridger-Teton  classi- 
fication has  been  subdivided,  depending  upon  prevalent 
indicator  species  in  the  herb  layer. 

The  matter  of  nomenclature  preference  is  illustrated  by 
the  POTR/HELA  type  of  the  Bridger-Teton  classification 
contained  within  the  POTR/RUOC  type  of  the  Caribou 


and  Targhee  classification  (table  3).  POTR/HELA  appea 
fairly  distinct  on  the  Bridger-Teton  because  of  the  con- 
stancy of  Heracleum  lanatum;  however,  Rudbeckia  oca 
dentalis  not  only  was  equally  constant  but  usually  had 
greater  cover.  The  lesser  constancy  and  cover  of 
H.  lanatum  in  what  otherwise  appears  to  be  a  fairly 
similar  assemblage  of  species  in  southeastern  Idaho 
prompted  us  to  label  this  as  a  POTR/RUOC  community 
type. 

Vegetation  Key 

Table  4  consists  of  a  vegetational  key  that  permits 
identification  of  the  aspen  community  types  on  the 
Caribou  and  Targhee  National  Forests.  This  key  should 
be  used  with  caution  elsewhere  because  it  has  not  bee 
tested  other  than  on  these  two  forests.  The  key  utilizes 
canopy  cover  estimates  of  common  species  within  the 
tree,  shrub,  and  herbaceous  layers.  The  key  was 
designed  for  use  on  those  forest  stands  where  Populus 
tremuloides  comprises  at  least  50  percent  of  the  tree 
canopy.  Minimal  canopy  cover  percentages  of  characte 
izing  species  are  given  only  as  approximate  guides  and 
should  not  be  construed  as  absolute  separation  criteris 
Difficulties  encountered  using  the  key  and  interpreting 
separation  criteria  can  usually  be  resolved  by  comparin 
stand  values  with  the  constancy-cover  summaries  for 
each  community  type  given  in  appendix  A. 

Each  community  type  is  briefly  described  in  the  orde 
listed  in  table  1,  which  approximates  the  order  present* 
in  the  key.  These  descriptions  contain  relevant  infor- 
mation on  distribution  of  the  type,  species  composition 
and  production,  probable  successional  status,  and 
whether  similar  communities  have  been  reported  else- 
where in  the  literature. 

Table  4.— Vegetational  key  to  aspen  community  types  (c.t.)  or 
the  Caribou  and  Targhee  National  Forests,  where 
Populus  tremuloides  comprises  at  least  50  percent 
the  tree  canopy 

Key  To  Cover  Types: 

I.  Abies  lasiocarpa  or  Picea 
engelmannii  common,  combined 
overstory  and  reproduction  at 

least  5%  canopy  cover Populus  tremuloides-Abi 

lasiocarpa  cover  type 
(Go  to  A) 
I.  A.  lasiocarpa  and  P.  engel- 
mannii absent,  or  less  than  5% 
canopy  cover II 

II.  Pseudotsuga  menziesii  com- 
mon, combined  overstory  and 
reproduction  at  least  10% 

canopy  cover Populus  tremuloides- 

Pseudotsuga  menziesii 
cover  type  (Go  to  B) 
II.  P.  menziesii  absent,  or  less 
than  10%  cover Ill 

III.  Pinus  contorta  common,  at  least 

10%  cover Populus  tremuloides-Pin  i 

contorta  cover  type  (Go  t : 

III.  P.  contorta  less  than  10% 

cover Populus  tremuloides  co> ; 

type  (Go  to  D) 


Key  To  Community  Types: 

A.  (Populus  tremuloides-Ab.es  lasiocarpa  cover  type) 

1.    Symphoricarpos  a /bus  and/or 

Symphoricarpos  oreophilus 

10%  or  more  canopy  cover. . .  Populus  tremuloides-Abies 

lasiocarpa/Symphoncarpos 
oreophilus  c.t.  (p.  11) 

1.   S.  albus  and  S.  oreophilus 
less  than  10%  cover 2 

2.    Thalictrum  fendleri  con- 
spicuous: neither  Poa 
pratensis  nor  Rudbeckia 
occidentalis  abundant 
(less  than  10%  canopy 

cover) Populus  tremuloides-Abies 

lasiocarpa/Thalictrum 
fendleri  c.t.  (p.  11) 

2.    P.  pratensis  or  R.  occiden- 
talis abundant 3 

3.    Abies  lasiocarpa  over  10% 

cover (Undescribed  community 

within  this  cover  type) 

3.   A.  lasiocarpa  less  than  10% 
canopy  cover 4 

4.    Poa  pratensis  or  Poa 
nervosa  at  least  20% 

cover Populus  tremuloideslPoa 

pratensis  c.t.  (p.  20  ) 

4.    P.  pratensis  or  P.  nervosa 
not  abundant;  Rudbeckia 
occidentalis  cover  20%  or 
greater Populus  tremuloides/ 

Rudbeckia  occidentalis  c.t. 

(P- 20) 

B.  (Populus  tremuloides-Pseudotsuga  menziesu  cover  type) 

1.    Prunus  virginiana  and/or 
Amelanchier  alnifolia  abun- 
dant, the  combination  usually 
at  least  20%  cover,  if  less, 
Acer  glabrum  prominent  with 
more  than  10%  cover Populus  tremuloides- 
Pseudotsuga  menziesu/ 
Amelanchier  alnifolia  c.t. 
(p.  11  ) 

1.   Combination  of  P.  virginiana, 
A.  alnifolia  and  A.  glabrum 
less  than  20%  cover 2 

2.    Symphoricarpos  albus 
and/or  Symphoricarpos 
oreophilus  common,  gen- 
erally exceeding  10% 

canopy  cover Populus  tremuloides- 
Pseudotsuga  menziesiil 
Symphoricarpos  oreophilus 
c.t.  (p.  12) 

2.  S.  albus  and  S.  oreophilus 
poorly  represented,  usually 
less  than  5%  cover 3 


3.  Calamagrostis  rubescens  abun- 
dant, generally  exceeding  20% 

canopy  cover  ...  Populus  tremuloides 

Pseudossuga  men 
Calamagrostis 
c.t.  (p.  12) 

3.   Not  as  above (Undescribed  communities 

within  this  covei 

C.  (Populus  tremuloides-Pinus  contorta  cover  type) 

1.    Calamagrostis  rubescens 

conspicuous Populus  tremuloides  Pinus 

contorta/Calamagrostis 
rubescens  c.t.  (p     13) 

1.    C.  rubescens  absent (Undescribed  communities 

within  this  cover  type) 

D.  (Populus  tremuloides  cover  type) 

1.   Amelanchier  alnifolia  and 
Prunus  virginiana  absent  or 
scarce  (less  than  5%  cover )  .  6 

1.   A.  alnifolia  and/or  P.  virgini- 
ana generally  exceeding  10% 
canopy  cover 2 

2.  Pachistima  myrsimtes 
generally  exceeding  H 

cover Populus  tremuloides/ 

Amelanchier  almfolia- 
Pachistima  myrsimtes  c.t 
(p.  13) 

2     P.  myrsinites  absent  or 
scarce  (less  than  5% 
cover)  ...........  3 

3.  Spiraea  betulitolia  generally 
exceeding  10%  canopy 

cover Populus  tremuloides 

Amelanchier  alnifolia 
Spiraea  betulifo 
(p.   14) 

3.    S.  betulitolia  absent  or  scarce 
(less  than  5%  cover)  A 

4.    Symphoricarpos  oreo- 
philus and/or  Symphori- 
carpos albus  generally 

exceeding  10%  cover Populus  tremuloides/ 

Amelanchier  alnifolia- 
Symphoncarpos  oreophilus 
c.t  (p    14) 

4.    S  oreophilus  and  S  albus 
poorly  represented,  less 
than  5%  cover  5 

5.    Calamagrostis  rubescens 

present .  .  .  .  Populus  tremuloides 

Amelanchier  almfolia- 

■nagrostis  rube 
c.t.  (p.   15) 
5.    C.  rubescens  absent (Undescribed  i  ommu 

6  Pachistima  myrsinites 
absent  or  scarce,  less 
than  5%  cover  8 

6.    P  myrs'nites  usually 
exceeding  10%  canopy 
cover .  7 


Key  To  Community  Types:  (con.) 

7.   Calamagrostis  rubescens 
abundant,  generally  exceed- 
ing 20%  canopy  cover Populus  tremuloides/ 

Pachistima  myrsinites- 
Calamagrostis  rubescens 
c.t.  (p.  15  ) 

7.    C.  rubescens  poorly  repre- 
sented, less  than  10%  cover  .  Populus  tremuloides/ 

Pachistima  myrsinites- 
Geranium  viscosissimum 
c.t.  (p.  15  ) 

8.   Spiraea  betulifolia 

abundant,  generally 

exceeding  20%  canopy 

cover;  Calamagrostis 

rubescens  prominent Populus  tremuloides/ 

Spiraea  betulifolia- 
Calamagrostis  rubescens 
c.t.  (p.  16) 

8.   S.  betulifolia  absent  or 
scarce,  less  than  5% 
cover 9 

9.   Artemisia  tridentata  and 

Festuca  idahoensis  at  least 

5%  canopy  cover  each Populus  tremuloides! 

Artemisia  tridentata- 
Festuca  idahoensis  c.t. 
(P.  17) 

9.   A.  tridentata  and  F.  idaho- 
ensis absent  or  less  than  5% 
cover 10 

10.   Symphoricarpos  oreo- 
philus  and  Symphori- 
carpos albus  absent  or 
scarce,  less  than  5% 
cover 14 

10.   S.  oreophilus  and/or 

S.  albus  generally  exceed- 
ing 10%  canopy  cover ....  1 1 

11.   Calamagrostis  rubescens 

and/or  Carex  geyeri  at  least 

5%  and  usually  more  than 

20%  canopy  cover Populus  tremuloides/ 

Symphoricarpos  oreophilus- 
Calamagrostis  rubescens 
c.t.  (p.  16  ) 

11.  C.  rubescens  and  C.  geyeri 
absent  or  scarce,  less  than 
5%  cover 12 


12.   Rudbeckiaoccidentalis  at 
least  5%  canopy  cover 


.  Populus  tremuloides/ 
Symphoricarpos  oreophilus- 
Rudbeckia  occidentalis 
c.t.  (p.  17) 


12.   R.  occidentalis  absent  or 
scarce,  less  than  5% 
cover 13 


13.   Poa  pratensis  and/or  Poa 

nervosa  exceeding  10% 

cover Populus  tremuloides/ 

Symphoricarpos  oreophilus 
Poa  pratensis  c.t. 
(P.  17) 

13.   P.  pratensis  and/or  P.  nervosa 

less  than  10%  cover (Undescribed  communities) 

14.    Wyethia  amplexicaulis  abundant 
at  least  20%  canopy 

cover Populus  tremuloides/ 

Wyethia  amplexicaulis 
c.t.  (p.  18) 

14.    W.  amplexicaulis  absent  or 
scarce 15 

15.   Calamagrostis  rubescens  and 
Carex  geyeri  absent  or 
scarce 17 

15.   C.  rubescens  and/or  C.  geyeri 
abundant,  more  than  20% 
cover 16 

16.   Poa  pratensis  and/or 

Poa  nervosa  abundant, 

exceeding  20%  cover Populus  tremuloides/ 

Calamagrostis  rubescens- 
Poa  pratensis  c.t.  (p.  19  ) 

16.   P  pratensis  and  P.  nervosa 
if  present,  not  exceeding 
10%  cover Populus  tremuloides/ 

Calamagrostis  rubescens 

c.t.  (p.  19) 

17.  Poa  pratensis  and/or  Poa 
nervosa  abundant,  often 
greatly  exceeding  20% 

cover Populus  tremuloides/Poa 

pratensis  c.t.  (p.  20  ) 

17.  P.  pratensis  and  P.  nervosa 
absent  or  scarce,  less  than 
5%  cover 18 

18.   Rudbeckia  occidentalis 
abundant,  with  20%  or 

greater  canopy  cover Populus  tremuloides/ 

Rudbeckia  occidentalis 
c.t.  (p.  20  ) 

18.   R.  occidentalis  absent  or 
scarce 19 

19.   Geranium  viscosissimum 
common,  usually  with  20% 
or  greater  cover Populus  tremuloides/ 

Geranium  viscosissimum 

c.t.  (p.  18) 

19.   Not  as  above (Other  undefined  communit 

types) 
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TYPE  DESCRIPTIONS 

Populus  tremuloides-Abies  lasiocarpa/ 
Symphoricarpos  oreophilus  Community 
Type  (POTR-ABLA/SYOR  c.t.) 

This  relatively  minor  community  type  was  encountered 
primarily  on  the  Caribou  National  Forest,  but  also  on  the 
southern  portion  of  the  Targhee  National  Forest.  Stands 
sampled  in  this  type  occurred  on  various  aspects  at 
elevations  between  6,900  and  7,600  ft  (2  100  and  2  320  m). 

The  conspicuous  presence  of  Abies  lasiocarpa  in  the 
overstory  and  as  regeneration,  along  with  an  abundance 
of  Symphoricarpos  spp.  in  the  undergrowth,  characterize 
the  type  (fig.  2).  Other  species  present  and  usually  con- 
spicuous are  Geranium  viscosissimum,  Lupinus 
argenteus,  and  Osmorhiza  chilensis.  In  some  stands  the 
herbaceous  layer  may  be  dominated  by  Calamagrostis 
rubescens;  such  stands  might  well  be  considered  a 
separate  community  type.  The  POTR-ABLA/SYOR  c.t.  is 
most  likely  a  serai  community  within  the  A.  lasiocarpa/ 
C.  rubescens  habitat  type  described  by  Steele  and  others 
(in  press)  as  occurring  in  southeastern  Idaho.  It  might, 
however,  also  be  a  serai  stage  in  the  A.  lasiocarpa/ 
Osmorhiza  chilensis  habitat  type  (Steele  and  others,  in 
press). 


Figure  2— A  Populus  tremuloides-Abies 
lasiocarpa/Symphoncarpos  oreophilus  community 
type  in  the  Bear  River  Range;  this  community 
typifies  serai  aspen  gradually  being  replaced  by 
A.  lasiocarpa  in  the  normal  course  of  succession. 

Tne  basal  area  of  Populus  tremuloides  on  stands 
sampled  within  this  type  was  relatively  low,  averaging 
111  ft2/acre  (25.5  m2/ha).  but  the  site  index  was  near  the 
average  of  all  types,  54  ft  (16.5  m)  at  80  years.  Most 
P.  tremuloides  were  less  than  8  inches  (20  cm)  d.b.h.,  with 
only  a  few  as  large  as  12  inches  (30  cm).  P.  tremuloides 
was  reproducing  poorly  in  most  cases. 

Undergrowth  production  was  characteristically  low 
within  the  type,  averaging  less  than  410  dry  lb/acre 
(460  kg/ha).  Two-thirds  of  this  production  consisted  of 
forbs,  and  the  remainder  was  divided  about  equally 
between  shrubs  and  graminoids.  Over  half  of  the  canopy 


cover  consisted  of  species  considered  desirable  as  live- 
stock forage. 

Youngblood  and  Mueggler  (1981)  described  a  P.  tremu- 
loides-A.  lasiocarpa/Berbens  repens  community  type  in 
western  Wyoming  which  is  somewhat  similar  to  our 
POTR-ABLA/SYOR  c.t.,  particularly  with  respect  to  the 
abundance  of  S.  oreophilus  in  the  undergrowth.  Usually 
their  type  also  contained  abundant  B.  repens  and 
Pachistima  myrsinites  which  were  rather  sparse  in  our 
type. 

Populus  tremuloides-Abies  lasiocarpa/ 
Thalictrum  fendleri  Community  Type 

(POTR-ABLA/THFEc.t.) 

The  POTR-ABLA/THFE  c.t.  appears  to  be  a  minor  type 
that  was  encountered  only  on  the  Bear  River  and 
Bannock  Ranges  of  the  Caribou  National  Forest.  The 
three  stands  sampled  occurred  at  relatively  high  eleva- 
tions (between  6,500  and  8,200  ft  [1  980  and  2  500  m]). 
The  lower  elevation  stands  occurred  on  northeasterly 
exposures  whereas  the  upper  stand  occupied  a  south- 
west exposure. 

The  vegetation  in  this  type  is  characterized  by  con- 
spicuous amounts  of  Abies  lasiocarpa  associated  with 
Populus  tremuloides,  both  in  the  overstory  and  as  re- 
generation, and  an  abundance  of  Thalictrum  fendleri  \n« 
the  undergrowth.  The  type  differs  from  the  POTR-ABLA/ 
SYOR  c.t.  by  the  lesser  amount  of  Symphoricarpos  spp., 
which  may  be  present  but  not  exceeding  10  percent 
canopy  cover.  Other  conspicuous  species  in  the  type 
usually  include  Geranium  viscosissimum,  Osmorhiza 
chilensis,  and  Fragaria  vesca.  The  POTR-ABLA/THFE  c.t. 
is  a  successional  stage  within  the  A.  lasiocarpa/  O. 
chilensis  habitat  type  (Steele  and  others,  in  press). 

Neither  the  overstory  nor  undergrowth  productivity  was 
measured  in  this  type.  Slightly  over  half  of  the  under- 
growth canopy  cover,  however,  consisted  of  species  con- 
sidered desirable  as  livestock  forage. 

The  P.  tremuloides-A.  lasiocarpa/ Arnica  cordifolia 
community  type  described  for  western  Wyoming  (Young- 
blood  and  Mueggler  1981)  is  fairly  similar  to  this  type, 
except  it  contains  considerably  more  A.  cordifolia  and 
Poa  nervosa  and  less  Thalictrum  fendleri  than  our 
POTR-ABLA/THFEc.t. 


Populus  tremuloides-Pseudotsuga 
menziesii/Amelanchier  alnifolia  Community 
Type  (POTR-PSME/AMAL  c.t.) 

This  community  type  was  found  primarily  along  the 
Snake  River  and  Teton  Ranges,  and  on  the  Warm  River 
portion  of  the  Yellowstone  Plateau.  The  stands  sampled 
usually  occurred  on  fairly  steep  slopes  (average  32  per- 
cent) on  southerly  exposures,  ranging  in  elevation  from 
approximately  5,400  to  6,700  ft  (1  650  to  2  050  m). 

Pseudotsuga  menziesii  is  the  primary  and  usually  the 
only  conifer  occurring  within  the  type.  Prunus  virginiana. 
Amelanchier  alnifolia,  and  Acer  glabrum,  either  alone  or 
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in  combination,  form  a  conspicuous  tall  shrub  layer  with 
a  canopy  cover  frequently  exceeding  25  percent.  Lesser 
amounts  of  low  shrubs  such  as  Symphoricarpos  spp., 
Rosa  woodsii,  and  Berberis  repens  may  also  be  present. 
The  herbaceous  layer  is  usually  dominated  by  Cala- 
magrostis  rubescens,  Elymus  glaucus,  and  Thalictrum 
fendleri,  often  with  appreciable  amounts  of  Osmorhiza 
chilensis,  Geranium  viscosissimum,  and  Aster  engel- 
mannii.  This  is  considered  a  successional  stage  within 
the  P.  menziesii  conifer  forest  series.  Judging  from  com- 
parisons of  soecies  composition,  it  probably  occurs 
within  either  the  P.  menziesii/Sympnoricarpos  albus, 
P.  menziesii/O.  chilensis,  or  P.  menziesii/C.  rubescens 
habitat  types  described  by  Steele  and  others  (in  press). 
The  successional  process  leading  to  dominance  by 
P.  menziesii  appears  to  be  generally  very  slow. 

P.  tremuloides  production  appeared  to  be  moderate  in 
this  type,  with  basal  areas  averaging  152  ft2/acre  (35 
rr^/ha)  and  a  site  index  at  80  years  of  53  ft  (16.2  m).  The 
trees  were  less  than  10  inches  (25  cm)  d.b.h.,  with  the 
majority  falling  between  4  and  8  inches  (10  and  20  cm) 
d.b.h.  A  low  to  moderate  amount  of  P.  tremuloides  repro- 
duction was  present. 

Production  of  undergrowth  was  moderate  to  high, 
average  1,079  dry  lb/acre  (1  210  kg/ha).  Approximately 
one-third  of  this  consisted  of  current-year's  growth  of 
shrubs,  half  forbs,  the  remainder  graminoids.  This  under- 
growth was  considered  moderately  suitable  as  livestock 
forage,  with  50  percent  of  the  total  canopy  cover  com- 
prised of  species  in  the  desirable  forage  category. 

Youngblood  and  Mueggler  (1981)  described  a  P.  tremu- 
loides-P.  menziesii/Spiraea  betulifolia  community  type  for 
western  Wyoming  somewhat  similar  to  this  type.  It,  how- 
ever, usually  contained  appreciably  more  S.  betulifolia 
and  less  T.  fendleri  than  our  POTR-PSME/AMAL  c.t. 


Populus  tremuloides-Pseudotsuga 
menziesii/Symphoricarpos  oreophilus 
Community  Type  (POTR-PSME/SYOR  c.t.) 

The  POTR-PSME/SYOR  c.t.  was  encountered  on  the 
Bear  River  and  Aspen  Ranges  on  the  Caribou  National 
Forest  as  well  as  on  the  west  face  of  the  Teton  Range  on 
the  Targhee  National  Forest.  The  sampled  stands 
occurred  primarily  on  northerly  exposures  at  elevations 
between  6,200  and  7,500  ft  (1  900  and  2  290  m).  This  type 
appears  to  occupy  sites  that  generally  are  less  steep 
(average  of  15  percent)  and  more  moist  than  those  occu- 
pied by  the  POTR-PSME/AMAL  c.t. 

The  type  is  characterized  by  the  conspicuous  presence 
of  Pseudotsuga  menziesii  accompanying  the  Populus 
tremuloides  (Pinus  contorta  may  also  be  present),  a  well- 
defined  low  shrub  layer  consisting  largely  of  Symphori- 
carpos spp.,  and  the  lack  of  a  distinct  layer  of  tall  shrubs. 
Calamagrostis  rubescens,  Thalictrum  fendleri,  or  both 
usually  dominate  the  herbaceous  layer.  Other  prominent 
species  frequently  present  are  Elymus  glaucus,  Geranium 
viscosissimum,  Lupinus  argenteus,  and  Osmorhiza 
chilensis.  This  type  is  primarily  serai  within  the  P.  men- 
ziesii coniferous  forest  series;  it  is  unclear  at  present 
whether  it  falls  within  the  P.  menziesii/C.  rubescens  or 


P.  menziesii/O.  chilensis  habitat  types  (Steele  and  others, 
in  press),  or  both.  In  some  cases  it  appears  that  the  suc- 
cessional sequence  may  be  from  P.  tremuloides 
dominance,  to  P.  contorta,  and  then  to  P.  menziesii 
dominance,  or  even  very  slowly  to  dominance  by  Abies 
lasiocarpa. 

Production  of  P.  tremuloides  on  the  sampled  sites  was 
moderately  high,  averaging  over  161  ft2/acre  (37  m2/ha) 
basal  area,  with  a  site  index  at  80  years  of  55  ft  (16.8  m). 
Trees  over  12  inches  (30  cm)  d.b.h.  were  present,  but 
most  fell  within  the  6-  to  10-inch  (15-  to  25-cm)  range. 
Reproduction  of  P.  tremuloides  was  generally  low. 

Undergrowth  production  was  moderate  (averaging 
slightly  over  900  dry  lb/acre  [1  000  kg/ha]).  Forbs  and 
graminoids  about  equally  formed  the  bulk  of  this,  with 
shrubs  averaging  only  3  percent  of  the  total.  An  average 
54  percent  of  the  undergrowth  canopy  cover  consisted  of 
desirable  forage  species. 

A  very  similar  P.  tremuloides-P.  menziesii/C.  rubescens 
community  type  was  described  for  western  Wyoming 
(Youngblood  and  Mueggler  1981).  The  primary  difference 
is  that  stands  can  be  placed  within  our  POTR-PSME/ 
SYOR  c.t.  even  though  C.  rubescens  is  sparse  or  lacking. 
Also,  S.  oreophilus  dominates  the  low  shrub  layer  in  our 
type,  but  occasionally  may  be  lacking  in  the  western 
Wyoming  type. 


Populus  tremuloides-Pseudotsuga 
menziesii/Calamagrostis  rubescens 
Community  Type(POTR-PSME/CARU  c.t.) 

This  community  type  was  seen  only  along  the  northern 
portion  of  the  Targhee  National  Forest  on  the  Centennial 
Range  and  the  Yellowstone  Plateau.  The  type  occurred  at 
moderate  elevations  between  6,200  and  6,900  ft  (1  900 
and  2  100  m),  on  rather  gently  sloping  terrain,  and  was 
not  confined  by  aspect. 

The  type  is  characterized  by  the  obvious  presence  of 
Pseudotsuga  menziesii  associated  with  Populus  tremu- 
loides in  the  overstory.  Pinus  contorta  may  also  be 
present.  Pronounced  tall  shrub  and  low  shrub  layers  are 
lacking.  A  few  low  shrubs  such  as  Symphoricarpos  spp. 
and  Berberis  repens  may  be  present  but  do  not  form  a 
conspicuous  stratum.  The  undergrowth  is  usually  domi- 
nated by  Calamagrostis  rubescens  (fig.  3).  Other  species 
prominent  in  the  type  include  Thalictrum  fendleri, 
Geranium  viscosissimum,  Arnica  cordifolia,  and  Lupinus 
argenteus.  The  POTR-PSME/CARU  c.t.  is  considered  a 
serai  stage  within  the  P.  menziesii  coniferous  forest 
series,  probably  falling  within  the  P.  menziesii/C. 
rubescens  habitat  type  described  by  Steele  and  others  (ir 
press). 

Production  was  measured  only  on  a  single  stand 
within  the  type.  In  this  stand,  P.  tremuloides  basal  area 
and  site  index  were  moderately  high,  with  some  trees 
exceeding  10  inches  (25  cm)  d.b.h.  Undergrowth  produc- 
tion was  low,  less  than  500  lb/acre  (560  kg/ha),  consistin 
of  about  one-third  forbs  and  two-thirds  graminoids.  Sixty 
two  percent  of  the  undergrowth  canopy  cover,  however, 
consisted  of  desirable  forage  species. 
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Figure  3.  — This  Populus  tremuloides-Pseudotsuga 
menziesii/Calamagrostis  rubescens  community 
type  in  the  Centennial  Range  has  a  predominantly 
grassy  undergrowth. 

Floristically,  this  type  closely  resembles  the  Populus 
tremuloides-Pseudotsuga  menziesii/Calamagrostis 
rubescens  community  type  described  by  Youngblood  and 
Mueggler  (1981)  for  western  Wyoming. 

Populus  tremuloides-Pinus  contorts/ 
Calamagrostis  rubescens  Community  Type 

(POTR-PICO/CARU  c.t.) 

The  POTR-PICO/CARU  c.t.  was  encountered  scattered 
from  the  Aspen  Range  on  the  Caribou  National  Forest 
northward  to  the  Yellowstone  Plateau.  The  stands  that 
were  sampled  ranged  in  elevation  from  approximately 
5,700  to  8,000  ft  (1  740  to  2  450  m).  The  type  appeared 
most  often  on  southerly  exposures  of  gentle  to  moder- 
ately steep  slopes. 

Pinus  contorta  is  the  only  conifer  that  conspicuously 
shares  the  tree  overstory  with  Populus  tremuloides. 
Amelanchier  alnifolia  is  the  only  tall  shrub  of  any  conse- 
quence, but  it  is  seldom  abundant.  Various  species  of 
low  shrubs,  such  as  Symphoricarpos  spp.,  Pachistima 
myrsinites,  and  Rubus  parviflorus  may  occur  occasion- 
ally in  substantial  amounts.  Calamagrostis  rubescens  is 
always  a  dominant  species  in  the  undergrowth  (fig.  4). 
Other  herbs  often  conspicuous  are  Thalictrum  fendlen, 
Osmorhiza  chilensis,  Geranium  viscosissimum,  Lupinus 
argenteus,  and  Elymus  glaucus.  The  type  is  clearly  serai. 
The  successional  sequence  appears  to  be  toward  a 
P.  contorta/C.  rubescens  community  type  which  may  then 
go  eventually  to  either  a  Pseudotsuga  menziesii/C. 
rubescens  or  possibly  Abies  lasiocarpa/C.  rubescens 
climax  (Steele  and  others,  in  press). 

P.  tremuloides  production  and  site  index  were  high  on 
the  single  stand  sampled  for  productivity  in  this  type. 
Many  of  the  trees  exceeded  14  inches  (35  cm)  d.b.h. 
Undergrowth  production  was  low,  less  than  710  lb/acre 
(800  kg/ha).  However,  73  percent  of  the  undergrowth 
canopy  cover  consisted  of  species  rated  desirable  as  live- 
stock forage;  three-fourths  of  this  consisted  of  grami- 
noids  and  the  remainder  was  primarily  forbs. 


Figure  4.  — The  Populus  tremuloides-Pinus 
contorta/Calamagrostis  rubescens  community 
type  will  gradually  succeed  to  conifer-dominated 
communities  with  C.  rubescens  undergrowth; 
note  the  absence  of  shrubs. 

Populus  tremuloides/Amelanchier  alnifolia- 
Pachistima  myrsinites  Community  Type 

(POTR/AMAL-PAMY  c.t.) 

This  is  a  fairly  common  community  type  found  on 
areas  extending  from  the  Bear  River  Range  on  the  Cari- 
bou National  Forest  northward  to  the  Snake  River  Range 
on  the  Targhee  National  Forest.  The  type  occurred  at 
moderate  elevations  ranging  from  5,700  to  7.500  ft  (1  740 
to  2  290  m),  on  all  exposures,  and  on  moderately  steep 
slopes. 

The  tree  layer  consists  almost  exclusively  of  P.  tremu- 
loides, although  occasionally  widely  scattered  conifers 
may  be  present.  The  type  is  characterized  by  prominent 
tall  shrub  and  low  shrub  layers.  The  tall  shrubs  consist 
primarily  of  Amelanchier  alnifolia  or  Prunus  virgimana  (or 
both),  whereas  Pachistima  myrsinites  is  the  dominant 
low  shrub.  Symphoricarpos  spp.  may  be  present,  but  it  is 
seldom  as  abundant  as  P.  myrsinites.  Other  shrubs  com- 
monly found  in  the  type  are  Berbens  repens  and  Rosa 
woodsu.  The  most  abundant  herbs  usually  are  Calama- 
grostis  rubescens,  Lupinus  argenteus,  Thalictrum 
fendlen,  and  Osmorhiza  chilensis.  Occasionally  Carex 
geyeri,  Arnica  cordifolia,  and  Geranium  viscosissimum 
are  abundant.  Generally  the  type  appears  to  be  stable: 
however,  it  might  also  be  slowly  successional  to  a 
POTR-PSME/AMAL  c.t.  which  in  turn  might  be  within 
either  the  P.  myrsinites  phase  of  the  Pseudotsuga 
menziesu/C.  rubescens  h.t.,  or  perhaps  the  Abies  lasio- 
carpalC.  rubescens  h.t.  (Steele  and  others,  in  press). 

P.  tremuloides  production  in  the  POTR/AMAL-PAMY 
c.t.  was  fairly  lo«/v.  with  a  basal  area  averaging  only 
123  ft2/acre  (28.2  m2/ha),  but  the  site  index  was  mod. 
Most  trees  were  less  than  8  inches  (20  cm)  d.b.h.  and 
reproduction  was  low  to  moderate. 

Undergrowth  production  was  also  fairly  low.  averaging 
only  about  850  lb/acre  (950  kg/ha).  This  production  con- 
sisted of  40  percent  shrubs,  31  percent  forbs.  and  29  per- 
cent graminoids.  An  average  56  percent  of  the  undei 
growth  canopy  cover  consisted  of  species  rated 
as  livestock  forage. 
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Populus  tremuloides/Amelanchier  alnifolia- 
Spiraea  betulifolia  Community  Type 

(POTR/AMAL-SPBE  c.t.) 

This  rather  infrequent  community  type  was  encoun- 
tered only  on  the  Yellowstone  Plateau,  and  on  the  Teton 
and  Snake  River  Ranges,  where  it  occurred  at  relatively 
low-to-moderate  elevations  between  5,500  and  6,600  ft 
(1  675  and  2  015  m).  Most  examples  of  the  type  were 
found  on  moderately  steep  southwesterly  exposures. 

The  vegetation  of  this  type  is  characterized  by  the 
scarcity  of  conifers,  by  a  prominent  tall  shrub  layer  domi- 
nated by  Amelanchier  alnifolia  or  Prunus  virginiana  (or 
both),  and  a  low  shrub  layer  usually  dominated  by 
Spiraea  betulifolia.  In  some  stands,  Symphoricarpos  spp. 
may  be  codominant  in  the  low  shrub  layer  with  S.  betu- 
lifolia. Rosa  woodsii  is  a  constant  low  shrub,  but  it  is 
seldom  abundant.  The  herb  layer  is  usually  dominated  by 
Calamagrostis  rubescens  and  Thalictrum  fendleri,  with 
Geranium  viscosissimum  and  Lupinus  argenteus  occa- 
sionally abundant.  The  POTR/AMAL-SPBE  c.t.  appears  in 
most  cases  to  be  relatively  stable,  judging  from  the 
incidental  presence  of  conifers.  In  some  cases,  however, 
the  type  might  represent  a  serai  stage  on  either  the 
Pseudotsuga  menziesii/Symphoricarpos  albus  or  possibly 
the  P.  menziesii/S.  betulifolia  habitat  types  described  by 
Steele  and  others  (in  press)  for  this  area. 

Basal  area  productivity  of  Populus  tremuloides  in 
these  communities  ranged  from  low  to  moderate,  aver- 
aging only  128  ft2/acre  (29.4  m2/ha);  the  average  site 
index,  however,  rated  fairly  high  (60  ft  [18.3  m]  at  80 
years).  Some  of  the  trees  exceeded  12  inches  (30  cm) 
d.b.h.,  but  most  were  less  than  8  inches  (20  cm)  d.b.h. 
Reproduction  of  P.  tremuloides  was  generally  low. 

Total  production  of  undergrowth  was  moderate  to  high, 
averaging  approximately  1,000  dry  lb/acre  (1  120  kg/ha). 
The  proportion  of  shrubs,  forbs,  and  graminoids  com- 
prising this  total  varied  greatly  between  stands.  Usually 
the  shrubs  produced  more  than  either  of  the  other  two 
classes.  The  suitability  of  this  undergrowth  as  livestock 
forage  was  low  to  moderate,  with  only  48  percent  of  the 
total  canopy  of  the  undergrowth  consisting  of  species 
rated  desirable. 

The  P.  tremuloides/S.  betulifolia  community  type 
described  by  Youngblood  and  Mueggler  (1981)  appears  to 
be  very  similar  to  this  type  floristically. 

Populus  tremuloides/Amelanchier  alnifolia- 

Symphoricarpos  oreophilus  Community 

Type  (POTR/AMAL-SYOR  c.t.) 

POTR/AMAL-SYOR  is  one  of  the  most  abundant  aspen 
community  types  in  southeastern  Idaho.  It  was  encoun- 
tered more  frequently  than  any  other  type.  It  is  most 
abundant  on  the  Caribou,  Snake  River,  and  Teton  Ranges 
in  the  central  portion  of  the  study  area.  The  type  usually 
occurs  at  relatively  low  to  moderate  elevations  between 
5,200  and  7,300  ft  ( 1  585  and  2  225  m).  Although  it  was 
most  frequently  found  on  moderately  steep  (average  25 
percent)  southerly  exposures,  it  does  not  appear  to  be 
restricted  by  either  aspect  or  slope  steepness. 


Conifers  seldom  occur  in  this  type,  and  never  in  abun- 
dance. The  type  is  characterized  by  the  presence  of  a  tall 
shrub  layer  in  which  Amelanchier  alnifolia  or  Prunus 
virginiana  (or  both)  are  prominent  (fig.  5),  and  a  low  shrub 
layer  dominated  by  Symphoricarpos  spp.  Neither 
Pachistima  myrsinites  nor  Spiraea  betulifolia  contribute 
substantially  to  the  low  shrub  layer.  The  herbaceous 
component  of  the  vegetation  is  usually  dominated  by  one 
or  more  of  the  following  species:  Calamagrostis 
rubescens,  Elymus  glaucus,  Lupinus  argenteus,  Thalic- 
trum fendleri,  and  Geranium  viscosissimum.  Where 
grazing  has  been  particularly  abusive,  Poa  pratensis  and 
Poa  nervosa  often  tend  to  become  abundant. 


Figure  5.  — This  Populus  tremuloides/Amelanchier 
alnifolia-Symphoncarpos  oreophilus  type 
exemplifies  those  aspen  communities  with 
undergrowth  consisting  of  both  tall  shrub  and  low 
shrub  layers  as  well  as  an  herb  layer.  It  was  the 
most  frequent  aspen  community  encountered  in 
southeastern  Idaho. 

The  POTR/AMAL-SYOR  c.t.  is  considered  to  be  pri- 
marily a  stable  community.  Occasional  stands,  however, 
may  be  slowly  successional  to  the  POTR-PSME/AMAL 
c.t.,  which  is  considered  a  serai  community  within  the 
Pseudotsuga  menziesii/Symphoricarpos  albus  or  possibl; 
the  Abies  lasiocarpa/S.  albus  habitat  types  described  by 
Steele  and  others  (in  press). 

Production  of  Populus  tremuloides  appears  to  be  fairl) 
low,  with  basal  area  averaging  only  105  ft2/acre  (24.1 
m2/ha)  and  a  site  index  averaging  49  feet  (14.9  m)  at  80 
years.  Trees  exceeding  12  inches  (30  cm)  d.b.h.  were 
occasionally  present,  but  most  were  less  than  8  inches 
(20  cm)  d.b.h.  Reproduction  of  P.  tremuloides  averaged 
low  to  moderate. 

Undergrowth  production  is  moderately  high,  averaging 
almost  980  lb/acre  (1  100  kg/ha).  Although  considerable 
variation  exists  between  stands  within  the  type,  generall ' 
the  undergrowth  production  consists  of  approximately 
equal  amounts  of  forbs  and  graminoids,  with  shrub  pro- 
duction averaging  less  than  20  percent  of  the  total.  Suit- 
ability of  this  undergrowth  as  forage  is  relatively  high, 
with  56  percent  of  the  canopy  cover  consisting  of  specie : 
rated  desirable. 

Hoffman  and  Alexander  (1980)  described  a  P.  tremu- 
loides/S. oreophilus  habitat  type  for  northwestern  Colo- 
rado that  appears  similar  to  this  type  except  for  the 
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abundance  of  Lathyrus  leucanthus  and  Vicia  americana 
in  the  Colorado  type. 

A  P.  tremuloides/S.  oreophilus  habitat  type  described 
by  Lewis  (1975)  for  northern  Nevada  appears  fairly  similar 
to  our  type  in  that  it  contains  the  tall  shrub  element  and 
a  low  shrub  element  dominated  by  S.  oreophilus.  The 
northern  Nevada  type,  however,  apparently  lacks  some  of 
the  characteristic  herbs  such  as  C.  rubescens,  E. 
glaucus,  and  L.  argenteus.  The  P.  tremuloides/P.  virgini- 
ana  community  type  described  by  Youngblood  and 
Mueggler  (1981)  appears  very  similar  to  our  POTR/AMAL- 
SYOR  c.t. 

Populus  tremuloides/Amelanchier  a  I  ni  folia 
Calamagrostis  rubescens  Community  Type 

(POTR/AMAL-CARU  c.t.) 

This  common  community  type  is  widely  dispersed 
across  both  the  Caribou  and  Targhee  National  Forests.  It 
was  encountered  at  low  through  moderate  elevations 
between  5,500  and  7,300  ft  (1  675  and  2  225  m).  The  type 
most  commonly  occupied  slopes  with  southerly  aspects. 

The  following  characterize  the  type:  the  virtual  absence 
of  conifers;  a  pronounced  layer  of  tall  shrubs  dominated 
by  Amelanchier  alnifolia,  or  Prunus  virginiana,  or  both; 
the  absence  of  a  well-defined  low  shrub  layer;  and  an 
herbaceous  layer  usually  dominated  by  Calamagrostis 
rubescens.  Species  composition  is  very  similar  to  that  of 
the  POTR/AMAL-SYOR  c.t.  except  for  the  virtual  absence 
of  a  low  shrub  layer  dominated  by  Symphoncarpos  spp. 
In  both  types  Thalictrum  fendleri,  Elymus  glaucus, 
Lupinus  argenteus,  and  Geranium  viscosissimum  may 
be  important  in  the  undergrowth,  and  Poa  pratensis  or 
Poa  nervosa  (or  both)  may  tend  to  increase  appreciably 
with  repeated  heavy  grazing.  The  POTR/AMAL-CARU  c.t. 
appears  to  be  successionally  stable  in  most  cases. 
Where  serai,  it  probably  is  a  successional  community 
within  the  Pseudotsuga  menziesii/C.  rubescens  habitat 
type  (Steele  and  others,  in  press). 

Basal  area  production  of  Populus  tremuloides  appears 
to  be  moderate,  averaging  141  ft2/acre  (32.4  m2/ha),  but 
the  site  index  was  fairly  low,  averaging  only  49  ft  (14.9  m) 
at  80  years.  Although  some  stems  exceeded  10  inches 
(25  cm)  d.b.h.,  most  were  less  than  8  inches  (20  cm)  d.b.h. 
P.  tremuloides  reproduction  generally  was  moderately 
high,  with  stems  under  1  ft  (3  dm)  high  averaging  over 
730/acre  (1  800/ha)  and  those  1  to  4.5  ft  (3  to  14  dm)  high 
averaging  over  1,335/acre  (3  300/ha). 

Production  of  undergrowth  appears  moderate  to  high. 
Undergrowth  averaged  1,035  lb/acre  (1  160  kg/ha),  the 
bulk  of  which  was  roughly  equally  divided  between  the 
forb  and  graminoid  vegetation  classes.  An  average  of 
only  7  percent  of  the  undergrowth  consisted  of  shrubs. 
Overall  suitability  of  the  undergrowth  as  livestock  forage 
is  moderate  to  high;  57  percent  of  the  canopy  cover  was 
comprised  of  species  rated  desirable. 

Except  for  appreciably  lesser  quantities  of  S.  oreo- 
philus, this  type  appears  fairly  similar  to  the  western 
Wyoming  P.  tremuloides/P.  virginiana  community  type 
(Youngblood  and  Mueggler  1981). 


Populus  tremuloides/Pachistima 
myrsinites-Calamagrostis  rubescens 
Community  Type  (POTR/PAMY-CARU  c.t.) 

The  POTR/PAMY-CARU  c.t.  appears  to  be  a  fairly  re- 
st, icted  type  found  primarily  on  the  Aspen  Range,  but 
was  also  observed  as  far  north  as  the  northern  end  of  the 
Caribou  Range.  The  type  occurred  at  elevations  ranging 
from  approximately  6,100  to  8,000  ft  (1  850  to  2  450  m), 
and  occupied  primarily  northerly  aspects  and  moderately 
steep  slopes. 

The  vegetation  is  characterized  by  a  lack  of  conifers  in 
the  overstory,  the  absence  of  a  pronounced  tall  shrub 
layer,  a  low  shrub  layer  usually  dominated  by  Pachistima 
myrsinites,  and  an  herb  layer  dominated  by  Calama- 
grostis rubescens.  Other  species  that  are  usually  present 
and  may  be  abundant  include  Symphoricarpos  oreophilus, 
Lupinus  argenteus,  and  Geranium  viscosissimum.  The 
type  is  thought  to  be  primarily  stable. 

Populus  tremuloides  production  appears  to  be  only 
moderate  in  the  type.  Basal  area  of  sampled  stands 
averaged  145  ft2/acre  (33.3  m2/ha),  but  site  index  averaged 
only  50  ft  (15.2  m)  at  80  years.  Some  of  the  trees  in  the 
sample  plots  exceeded  12  inches  (30  cm)  d.b.h..  but  most 
were  less  than  8  inches  (20  cm)  d.b.h.  Reproduction  of 
P.  tremuloides,  however,  was  usually  abundant. 

Undergrowth  production  appears  to  be  fairly  low,  aver- 
aging approximately  640  lb/acre  (717  kg/ha)  on  the 
sample  plots.  About  20  percent  of  this  production  con- 
sisted of  shrubs,  and  the  remainder  was  about  equally 
divided  between  the  forb  and  graminoid  classes.  This 
undergrowth  is  considered  moderately  suitable  as  live- 
stock forage;  an  average  56  percent  of  the  canopy  cover 
consisted  of  species  rated  desirable. 

The  P.  tremuloides/C.  rubescens  community  type 
described  by  Youngblood  and  Mueggler  (1981)  for 
western  Wyoming  appears  to  be  a  generalization  which 
includes  our  POTR/PAMY-CARU,  POTR/SYOR-CARU,  and 
POTR/CARU  community  types.  Calamagrostis  rubescens 
is  a  dominant  herb  in  all  of  these  types. 

Populus  tremuloides/Pachistima 
myrsinites-Geranium  viscosissimum 
Community  Type  (POTR/PAMY-GEVI  c.t.) 

The  POTR/PAMY-GEVI  c.t.  is  concentrated  on  the 
Aspen  and  Webster  Ranges  of  the  Caribou  National 
Forest,  although  it  has  been  observed  as  far  north  as  the 
west  slope  of  the  Teton  Range.  It  was  found  most  fre- 
quently at  the  higher  elevations,  from  6.900  to  8,200  ft 
(2  100  to  2  500  m),  and  not  restricted  by  exposure. 

This  type  differs  from  the  POTR/PAMY-CARU  c.t. 
primarily  by  the  absence  or  reduced  abundance  of 
Calamagrostis  rubescens  in  the  herb  layer;  Geranium 
viscosissimum  is  generally  considerably  more  abundant 
(fig.  6).  Pachistima  myrsinites  remains  a  dominant  low 
shrub,  but  Symphoricarpos  spp.  may  also  be  abundant.  A 
well-defined  tall  shrub  layer  is  lacking.  I; 
thought  to  be  relatively  stable. 
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Figure  6.— A  Populus  tremuloides/Pachistima 
myrsmites-Geramum  viscosissimum  community 
type  in  the  Webster  Range.  This  is  an  example  of 
an  aspen  community  with  just  low  shrubs  and 
herbs  forming  the  undergrowth. 

Production  data  were  acquired  from  only  two  stands 
within  the  type.  The  basal  area  and  site  index  of  Populus 
tremuloides  in  these  stands  were  fairly  low,  averaging 
129  ft2/acre  (29.6  m2/ha)  and  47  ft  (14.3  m)  at  80  years. 
Most  trees  were  less  than  8  inches  (20  cm)  d.b.h.  Repro- 
duction of  P.  tremuloides  was  scarce. 

Production  of  undergrowth  was  very  low,  averaging 
slightly  over  500  lb/acre  (560  kg/ha).  Most  of  this  con- 
sisted of  forbs  (65  percent),  with  shrubs  and  graminoids 
about  equally  sharing  the  remainder.  The  undergrowth  is 
considered  moderately  desirable  livestock  forage  since 
51  percent  of  the  cover  consisted  of  species  rated 
desirable. 

This  type  is  probably  contained  within  the  P.  tremu- 
loides/Symphoricarpos  oreophilus  community  type 
described  by  Youngblood  and  Mueggler  (1981)  for 
western  Wyoming. 

Populus  tremuloides/Spiraea  betulifolia- 
Calamagrostis  rubescens  Community  Type 

(POTR/SPBE-CARU  c.t.) 

Only  three  examples  of  this  minor  community  type 
were  observed,  and  all  were  on  the  western  portion  of  the 
Yellowstone  Plateau.  These  stands  occurred  at  eleva- 
tions between  6,000  and  6,800  ft  (1  830  and  2  075  m),  and 
occupied  moderately  steep  southerly  exposures. 

Conifers  are  only  incidental  in  the  type.  A  pronounced 
tall  shrub  layer  is  absent,  although  minor  qualities  of 
Prunus  virginiana  may  be  present.  A  low  shrub  layer 
dominated  by  Spiraea  betulifolia  and  Symphoricarpus 
albus,  and  an  herb  layer  containing  an  abundance  of 
Calamagrostis  rubescens  and  Thalictrum  fendleri  are 
characteristic.  The  type  appears  to  be  either  stable  or 
possibly  slowly  serai  to  the  Pseudotsuga  menziesii/ 
S.  betulifolia  or  P.  menziesii/S.  albus  habitat  types 
described  by  Steele  and  others  (in  press). 

Only  one  stand  was  intensively  sampled  for  produc- 
tion. Although  the  basal  area  of  Populus  tremuloides  was 
relatively  great  in  this  stand,  160  ft2/acre  (36.7  m2/ha),  the 
site  index  was  only  46  ft  (14  m)  at  80  years.  Trees  ranged 


in  size  up  to  12  inches  (30  cm)  d.b.h.,  with  the  majority  in 
the  6-  to  8-inch  (15-  to  20-cm)  size  class.  Undergrowth  pro 
duction  was  moderate  at  approximately  850  lb/acre  (950 
kg/ha).  Of  this,  25  percent  consisted  of  shrubs,  35  percen 
forbs,  and  40  percent  graminoids.  This  undergrowth  was 
considered  moderately  suitable  as  forage;  53  percent  of 
the  canopy  cover  consisted  of  desirable  species. 

The  P.  tremuloides/S.  betulifolia  community  type  de- 
scribed by  Youngblood  and  Mueggler  (1981)  for  western 
Wyoming  is  floristically  similar  to  this  type  except  for  th€ 
greater  abundance  of  Amelanchier  alnifolia. 


Populus  tremuloides/Symphoricarpos 
oreophilus-Calamagrostis  rubescens 
Community  Type  (POTR/SYOR-CARU  c.t.) 

This  is  a  major  community  type  (fig.  7)  that  ranges 
broadly  throughout  eastern  Idaho.  It  was  second  in  abun 
dance  only  to  the  POTR/AMAL-SYOR  c.t.  This  type 
occurred  at  low-to-moderate  elevations  between  5,700 
and  7,500  ft  (1  740  and  2  290  m),  and  most  frequently  on 
moderately  steep  southerly  exposures. 


Figure  7.— The  Populus  tremuloides/Symphon 
carpos  oreophilus-Calamagrostis  rubescens 
community  type  is  very  common  in  southeastern 
Idaho;  the  undergrowth  generally  consists  of  a 
productive  mixture  of  low  shrubs  and  herbs. 

Conifers  are  scarce  to  nonexistent  in  this  type,  and  a 
pronounced  tall  shrub  layer  is  lacking.  A  distinct  low 
shrub  layer  dominated  by  Symphoricarpos  spp.  is 
present.  Both  S.  albus  and  S.  oreophilus  occur  in  these 
communities  either  alone  or  in  combination.  The  forb 
layer  is  usually  dominated  by  Calamagrostis  rubescens 
if  this  grass  is  scarce,  Carex  geyeri  is  abundant.  Other 
herbaceous  species  likely  to  be  prominent  are  Geraniun 
viscosissimum,  Lupinus  argenteus,  Thalictrum  fendleri, 
and  Elymus  glaucus.  Under  prolonged  heavy  grazing,  P( 
pratensis  and  Poa  nervosa  are  likely  to  become  abun- 
dant. The  POTR/SYOR-CARU  c.t.  is  considered  primarily 
stable.  Some  communities  keying  to  this  type,  however, 
may  eventually  succeed  to  the  POTR-PSME/SYOR  c.t., 
which  is  probably  a  serai  type  within  the  Pseudotsuga 
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menziesii/Calamagrostis  rubescens  habitat  type 
described  by  Steele  and  others  (in  press). 

Basal  area  production  of  Populus  tremuloides  within 
this  type  ranged  from  86  to  206  ft2/acre  (19.7  to  47.3 
rr^/ha),  and  averaged  a  low  to  moderately  productive  138 
ft2/acre  (31.7  m2/ha).  Site  index  was  also  low  to  moderate, 
averaging  51  ft  (15.5  m)  at  80  years.  Although  trees  in  the 
10-  to  12-inch  (25-  to  30-cm)  size  class  were  not  un- 
common, most  were  less  than  8  inches  (20  cm)  d.b.h. 
Reproduction  of  P.  tremuloides  averaged  low  to  moderate. 

Although  undergrowth  production  within  the  type 
ranged  from  approximately  470  to  2,050  lb/acre  (525  to 
2  300  kg/ha),  the  average  was  fairly  high,  1 ,138  lb/acre 
(1  276  kg/ha).  On  the  average,  only  6  percent  of  this  con- 
sisted of  shrubs,  and  the  remainder  was  about  equally 
divided  between  forbs  and  grammoids.  This  undergrowth 
appeared  well  suited  for  livestock  since  60  percent  of  the 
canopy  cover  consisted  of  species  classed  as  desirable. 

The  P.  tremuloides/C.  rubescens  type  described  by 
Youngblood  and  Mueggler  (1981)  for  western  Wyoming 
appears  to  be  a  generalization  that  includes  this  type  as 
well  as  our  POTR/PAMY-CARU  and  POTR/CARU  com- 
munity types.  In  central  Idaho,  Schlatterer  (1972) 
described  a  somewhat  similar  P.  tremuloides/S. 
oreophilus-Carex  geyeri  community  that  differed  primarily 
by  the  substitution  of  C.  geyeri  for  C.  rubescens,  the  lack 
of  E.  glaucus,  and  the  presence  of  herbaceous  species 
such  as  Festuca  idahoensis  not  found  in  our  type. 

Populus  tremuloides/Symphoricarpos 
oreophilus-Poa  pratensis  Community  Type 

(POTR/SYOR-POPR  c.t.) 

This  type  is  fairly  abundant  and  widely  distributed  over 
both  forests.  The  sampled  stands  ranged  from  fairly  low 
to  moderately  high  elevations,  5,200  and  7,500  ft  (1  585 
and  2  290  m),  and  occurred  most  frequently  on  rather 
gently  sloped  (average  13  percent)  southerly  exposures. 

The  POTR/SYOR-POPR  c.t.  appears  to  be  a  distinct 
grazing  disclimax  of  the  POTR/SYOR-CARU  c.t.  It  is 
characterized  by  the  lack  of  conifers  as  a  prominent  part 
of  the  overstory,  the  absence  of  a  distinct  tall  shrub 
layer,  a  low  shrub  layer  dominated  by  Symphoncarpos 
spp.,  and  the  abundance  of  Poa  pratensis  and/or  Poa 
nervosa  and  lack  of  Rudbeckia  occidentalis  in  the  herb 
layer.  Other  herbs  frequently  abundant  include  Geranium 
viscosissimum,  Lupinus  argenteus,  Bromus  carinatus, 
and  Taraxacum  officinale.  The  latter  is  additional 
evidence  of  a  grazing  disclimax. 

Basal  area  production  of  Populus  tremuloides  appears 
moderate  to  high,  ranging  from  112  to  187  ft2/acre  (25.7  to 
42.9  m2/ha)  in  the  sampled  stands  and  averaging  154 
ft2/acre  (35.4  m2/ha).  Site  index  is  also  fairly  high,  aver- 
aging 56  ft  (17.1  m)  at  80  years.  Most  of  the  trees  were 
less  than  8  inches  (20  cm)  d.b.h.,  although  occasional 
trees  up  to  14  inches  (35  cm)  d.b.h.  were  encountered  on 
the  sample  plots.  Reproduction  of  P.  tremuloides  was 
fairly  scarce. 

Production  of  undergrowth  appears  moderate,  aver- 
aging 914  lb/acre  (1  025  kg/ha)  in  the  sampled  stands. 
Only  5  percent  of  this  consisted  of  shrubs,  45  percent 
forbs,  and  50  percent  graminoids.  Undergrowth  provides 


poor  livestock  forage;  only  41  percent  of  the  undergrowth 
canopy  cover  consisted  of  desirable  vegetation. 

Populus  tremuloides/Symphoricarpos 
oreophilus  Rudbeckia  occidentalis 
Community  Type  (POTR/SYOR-RUOC  c.t.) 

This  community  type  is  widely  distributed  across  the 
Caribou  National  Forest  and  southern  end  of  the  Targhee 
National  Forest  at  moderate  elevations,  ranging  from 
5,700  to  7,200  ft  (1  740  to  2  195  m),  encountered  most  fre- 
quently on  gentle  to  moderately  steep  south-facing 
slopes. 

The  POTR/SYOR-RUOC  c.t.  is  a  grazing  disclimax 
characterized  by  a  scarcity  of  conifers,  lack  of  a  distinct 
tall  shrub  layer,  a  low  shrub  layer  dominated  by 
Symphoricarpos  spp.,  and  the  prominence  of  Rudbeckia 
occidentalis  in  the  herb  layer.  Elymus  glaucus,  Senecio 
serra,  and  annuals  are  likely  to  be  more  prominent  here 
than  in  the  POTR/SYOR-POPR  c.t.,  another  grazing  dis- 
climax. Such  annuals  as  Nemophila  breviflora  and 
Collmsia  parviflora  are  often  abundant.  The  type  is 
probably  a  grazing  disclimax  of  the  POTR-ABLA/THFE 
c.t.,  but  might  also  be  serai  to  the  POTR-ABLA/SYOR  c.t. 
or  POTR-PSME/SYOR  c.t. 

The  type  appears  moderately  productive  for  Populus 
tremuloides,  averaging  139  ft2/acre  (31.9  m2/ha)  basal 
area,  with  a  site  index  of  55  ft  (16.8  m)  at  80  years.  Trees 
over  12  inches  (30  cm)  d.b.h.  were  not  uncommon. 
Populus  tremuloides  reproduction  was  low. 

The  undergrowth  appears  very  productive,  averaging 
1,248  lb/acre  (1  399  kg/ha).  Over  70  percent  of  this  was 
forbs  consisting  primarily  of  R.  occidentalis,  21  percent 
graminoids,  and  the  remainder  shrubs.  Suitability  of  this 
undergrowth  as  livestock  forage,  however,  was  poor;  only 
30  percent  cf  the  total  canopy  cover  consisted  of  species 
considered  desirable  and  32  percent  least  desirable. 

Youngblood  and  Mueggler  (1981)  described  a  P.  tremu- 
loides/R.  occidentalis  community  type  for  western 
Wyoming  that  is  similar  to  this  type  except  for  the 
amount  of  S.  oreophilus. 


Populus  tremuloides/ Artemisia  tridentata- 
Festuca  idahoensis  Community  Type 

(POTR/ARTR-FEIDc.t.) 

The  POTR/ARTR-FEID  c.t.  was  found  primarily  at  the 
lower  elevations  where  the  aspen  zone  merges  into  the 
sagebrush  steppe.  It  is  a  minor  type  that  was  encoun- 
tered most  frequently  along  the  gently  sloping  foothills 
and  benches  of  the  Centennial  Range  fringing  the 
northern  edge  of  the  Upper  Snake  River  Plains. 

The  type  is  characterized  by  the  absence  of  both 
conifers  and  a  tall  shrub  layer,  and  the  prominence  of 
Artemisia  tridentata  ssp.  vaseyana  in  the  low  shrub  layer 
and  Festuca  idahoensis  in  the  herb  layer.  It  appears  to 
occupy  a  very  restricted  environment  in  an  area  where 
growth  of  Populus  tremuloides  is  limited  by  moisture 
availability.  The  *ype  usually  occurs  as  peninsulas  or 
small,  single-clone  islands  in  shrub  steppes  dominated 
by  an  A.  tridentata  and  Purshia  tridentata  shrub  layer. 
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with  F.  idahoensis  the  predominant  herb.  The  type 
appears  to  be  relatively  stable.  In  some  places,  however, 
the  tree  overstory  is  not  reproducing  and  succession 
appears  to  be  leading  to  a  shrub-steppe  type  dominated 
by  A.  tridentata  and  F.  idahoensis  similar  to  the  A.  tri- 
dentata  ssp.  vaseyana/F.  idahoensis  habitat  type 
described  by  Hironaka  and  Fosberg  (1979).  Production 
was  not  measured  in  this  type.  Undergrowth  production, 
however,  is  estimated  to  be  low,  between  550  and  800 
lb/acre  (600  and  900  kg/ha)  of  material  only  moderately 
suitable  as  livestock  forage. 

The  type  includes  what  appears  to  be  a  variant  domi- 
nated by  pigmy  P.  tremuloides.  This  variant  occurs  as 
small,  isolated,  single-clone  groves  surrounded  by  sage- 
brush steppe.  The  rather  dense  P.  tremuloides  overstory 
may  be  over  25  years  old,  but  the  basal  diameters  of  the 
stems  are  only  2  to  3  inches  (5  to  8  cm)  and  their  heights 
seldom  exceed  10  ft  (3  m).  Judging  from  the  presence  of 
old  dead  stems  and  the  lack  of  evidence  of  fire,  these 
groves  apparently  continue  to  reproduce  naturally  and 
persist  for  long  periods  of  time.  Whether  the  dwarf  nature 
of  the  P.  tremuloides  in  these  clones  is  genetically  or 
environmentally  induced  has  not  yet  been  determined. 
The  environment  is  generally  harsh.  Some  of  these  pigmy 
stands  have  crooked  boles,  which  may  be  caused  by 
drifting  snow. 

Youngblood  and  Mueggler  (1981)  described  for  western 
Wyoming  a  P.  tremuloides/A.  tridentata  community  type 
very  similar  to  the  POTR/ARTR-FEID  c.t. 

Populus  tremuloides/Geranium 
viscosissimum  Community  Type 

(POTR/GEVI  c.t.) 

This  is  a  minor  community  type,  unrestricted  geo- 
graphically, occurring  at  moderate  to  high  elevations 
between  6,300  and  8,200  ft  (1  920  and  2  500  m).  It  was 
encountered  on  moderately  steep  slopes  and  was  not 
limited  by  exposure. 

The  type  lacks  appreciable  amounts  of  conifers  and 
well-defined  shrub  layers.  Up  to  10  percent  canopy  cover 
of  Symphoricarpos  spp.  may  be  present,  however.  The 
herb  layer  is  comprised  primarily  of  forbs  among  which 
Geranium  viscosissimum  is  always  prominent. 
Osmorhiza  chilensis,  Thalictrum  fendleri,  Lupinus 
argenteus,  and  Elymus  glaucus  may  also  be  abundant. 
Although  Rudbeckia  occidentalis,  Poa  pratensis,  or 
Poa  nervosa  may  be  present,  none  of  these  contribute 
substantially  to  the  undergrowth  cover.  The  type  is 
thought  to  be  either  stable  or  slowly  successional  to  the 
POTR-ABLA/THFEc.t. 

Only  one  stand  was  intensively  sampled  for  produc- 
tivity in  this  type.  Populus  tremuloides  production  was 
moderate  to  high,  with  164  ft2/acre  (37.7  m2/ha)  basal  area 
and  a  site  index  of  52  ft  (15.8  m)  at  80  years.  Trees  over 
12  inches  (30  cm)  d.b.h.  were  fairly  common  in  this  stand. 
The  undergrowth  was  only  moderately  productive  at 
approximately  800  lb/acre  (897  kg/ha).  This  consisted  of 
74  percent  forbs  and  25  percent  graminoids.  Forage  suit- 
ability was  fairly  low,  with  only  47  percent  of  the  canopy 
cover  comprised  of  species  rated  desirable. 


Youngblood  and  Mueggler  (1981)  described  a  P.  tremu- 
loides/T.  fendleri  community  type  for  western  Wyoming 
which  is  similar  to  this  type  except  lacks  the  abundance 
of  Geranium  viscosissimum  and  O.  chilensis.  A  some- 
what similar  P.  tremuloides/T.  fendleri  habitat  type 
occurs  in  northwestern  Colorado  (Hoffman  and 
Alexander  1980);  this  type,  however,  contains  substantial 
amounts  of  Lathyrus  leucanthus,  Vicia  americana,  and 
Ligusticum  porteri. 

Populus  tremuloides/Wyethia 
amplexicaulis  Community  Type 

(POTR/WYAM  c.t.) 

The  POTR/WYAM  c.t.,  although  not  abundant,  is  widely 
distributed  from  the  Bear  River  Range  in  the  south,  north- 
ward to  the  Centennial  Range.  It  was  encountered  at 
moderate  elevations  between  6,300  and  6,700  ft  (1  920 
and  2  050  m),  usually  on  gently  sloping  terrain  with  fairly 
heavy  soils. 

The  type  is  characterized  by  the  lack  of  both  conifers 
and  well-defined  shrub  layers,  and  the  dominance  of 
Wyethia  amplexicaulis  in  the  undergrowth  (fig.  8).  Other 
species  sometimes  found  in  abundance  include  Geranium 
viscosissimum,  Poa  pratensis,  Rudbeckia  occidentalis, 
Taraxacum  officinale,  and  Elymus  glaucus.  The  type  is 
considered  fairly  stable,  but  some  stands  appear  to  have 
been  altered  appreciably  by  heavy  grazing.  The  over- 
whelming dominance  of  W.  amplexicaulis  and  the  abun- 
dance of  P.  pratensis,  R.  occidentalis,  and  T.  officinale 
lend  credence  to  rather  severe  grazing-induced  changes. 


■    -  f  ■ 


Figure  8.  — The  distinctive  Populus  tremuloides/ 
Wyethia  amplexifolius  community  type  usually 
occurs  on  gentle  slopes  or  flats  with  fairly  heavy 
soils.  A  dense  undergrowth  of  W.  amplexifolius 
may  be  at  least  partly  attributed  to  abusive 
grazing  in  the  past. 

Populus  tremuloides  occurs  in  rather  open,  parklike 
stands  in  this  type.  The  type  appears  to  be  the  least  pro- 
ductive for  P.  tremuloides  of  any  of  the  community  types 
observed,  averaging  only  74  ft2/acre  (17  rr^/ha)  of  basal 
area  and  a  site  index  at  80  years  of  only  31  ft  (9.4  m). 
Seldom  did  stems  exceed  8  inches  (20  cm)  d.b.h.,  and 
reproduction  was  poor. 


Undergrowth  production  appears  to  be  high.  The  inten- 
sively sampled  stands  averaged  1,169  lb/acre  (1  310  kg/ha) 
of  undergrowth  consisting  of  90  percent  forbs  and  9  per- 
cent graminoids.  This  undergrowth,  however,  was  among 
the  least  suitable  for  forage  of  any  of  the  community 
types.  Only  30  percent  of  the  canopy  cover  consisted  of 
species  rated  desirable,  and  37  percent  consisted  of 
species  rated  least  desirable  for  livestock  forage. 

A  P.  tremuloides/W.  amplexicaulis  community  type 
was  described  by  Youngblood  and  Mueggler  (1981)  for 
western  Wyoming. 

Populus  tremuloides/Calamagrostis 
rubescens  Community  Type  (POTR/CARU  c.t. 

The  POTR/CARU  c.t.  is  the  third  most  frequently  en- 
countered aspen  community  type  in  southeastern  Idaho. 
It  is  widely  distributed  across  both  the  Caribou  and 
Targhee  National  Forests.  The  type  has  a  wide  eleva- 
tional  range,  between  5,600  and  8,200  ft  (1  700  and 
2  500  m),  and  does  not  appear  to  be  restricted  by  either 
exposure  or  slope  gradient. 

Conifers  are  usually  incidental  in  this  type;  although 
Pseudotsuga  menziesii  may  occasionally  be  present,  by 
definition  it  never  exceeds  10  percent  canopy  cover. 
Distinct  tall  shrub  and  low  shrub  layers  are  lacking; 
Symphoricarpos  oreophilus  is  usually  present,  but  only  in 
small  amounts.  The  undergrowth  is  principally 
herbaceous  and  dominated  by  Calamagrostis  rubescens 
(fig.  9).  Other  prominent  herbs  usually  include  Lupinus 
argenteus,  Geranium  viscosissimum,  Osmorhiza 
chilensis,  Thalictrum  fendleri,  and  occasionally  Elymus 
glaucus. 


Figure  9.  — The  undergrowth  In  the  Populus 
tremuloides/Calamagrostis  rubescens  community 
type  characteristically  contains  few  shrubs  but  a 
luxuriant  mixture  of  herbs  dominated  by 
C.  rubescens. 

The  POTR/CARU  c.t.  is  considered  primarily  a  stable 
aspen  type.  Except  for  the  difference  in  amounts  of 
Symphoricarpos  spp.,  it  is  quite  similar  to  the 
POTR/SYOR-CARU  c.t.  Some  communities,  therefore, 
may  be  successional  to  the  POTR/SYOR-CARU  c.t.,  which 
in  turn  could  eventually  succeed  to  the  POTR-PSME/ 
3YOR  c.t.  which  is  a  serai  type  probably  within  the 


P.  menziesii/C.  rubescens  habitat  type  described  by 
Steele  and  others  (in  press). 

Production  of  Populus  tremuloides  appears  to  be 
moderate  within  this  type;  basal  area  of  sampled  stands 
averaged  144  ft2/acre  (33.1  m2/ha),  with  a  site  index  at  80 
years  of  54  ft  (16.4  m).  Occasional  stems  exceeded  12 
inches  (30  cm)  d.b.h.,  but  the  majority  were  less  than 
8  inches  (20  cm)  d.b.h..  Reproduction  of  P.  tremuloides 
was  relatively  great,  with  an  average  of  1,100  suckers/ 
acre  (2  700/ha)  less  than  1  ft  (3  dm)  high  and  over  1.500 
suckers/acre  (3  700/ha)  between  1  and  4'/2  ft  (3  and  14  dm) 
high. 

Undergrowth  production  varied  appreciably,  between 
469  and  1,270  lb/acre  (526  and  1  424  kg/ha),  and  averaged 
a  moderate  867  lb/acre  (972  kg/ha);  65  percent  of  this 
consisted  of  graminoids,  primarily  C.  rubescens,  33  per- 
cent '.orbs,  and  the  remaining  2  percent  shrubs.  This 
undergrowth  is  generally  suitable  as  livestock  forage.  An 
average  70  percent  of  the  canopy  cover  consisted  of 
species  rated  desirable  while  the  remainder  were  rated 
moderately  desirable  forage  species. 

Opinions  differ  regarding  the  value  of  C.  rubescens  as 
a  livestock  forage,  perhaps  because  palatability  varies 
during  the  year.  Although  it  is  generally  rated  as  fair  to 
good  forage  for  cattle  in  the  Blue  Mountains  of  eastern 
Oregon,  Skovlin  (1967)  found  that  palatability  and  forage 
quality  decline  rapidly  as  the  season  advances.  He  deter- 
mined that  the  crude  protein  content  of  C.  rubescens  was 
greater  than  that  of  other  major  forage  species  during 
July,  but  fell  rapidly  and  was  less  than  the  other  species 
by  early  September.  McLean  and  others  (1969)  found  that 
C.  rubescens  on  the  southern  British  Columbia  range- 
lands  contained  adequate  nutrients  for  rapid  growth  of 
yearlings  until  the  first  of  August  and  for  pregnant  cows 
and  replacement  heifers  until  the  first  of  September.  It 
was  readily  eaten  by  cattle  in  British  Columbia  during 
early  summer  but  became  unpalatable  by  mid-August. 
Generally,  it  is  not  readily  eaten  by  sheep. 

A  P.  tremuloides/C.  rubescens  community  type  was 
also  described  by  Youngblood  and  Mueggler  (1981)  for 
western  Wyoming.  Their  type,  however,  contains  con- 
siderable floristic  variation  which  is  separated  by  our 
POTR/PAMY-CARU  and  POTR/SYOR-CARU  types. 

Populus  tremuloides/Calamagrostis 
rubescens-Poa  pratensis  Community  Type 

(POTR/CARU-POPR  c.t.) 

Although  most  of  the  stands  within  this  type  were 
encountered  on  the  Centennial  Range  at  the  northern  end 
of  the  Targhee  National  Forest,  a  few  stands  were  found 
as  far  south  as  the  Caribou  Range.  Stands  within  this 
type  occurred  at  moderate  elevations,  between  6.100  and 
6.900  ft  (1  850  and  2  100  m).  on  rather  gentle  slopes,  and 
on  all  exposures. 

The  type  appears  to  be  a  grazing-induced  alteration  of 
the  POTR/CARU  c.t.    Conifers  are  only  incidental,  if 
present  at  all.  and  well-defined  shrub  layers  are  lacking. 
The  undergrowth  is  dominated  by  Calamagrostis 
rubescens  and  ei'her  Poa  pratensis  or  Poa  nervosa. 
Although  C.  rubescens  grows  as  a  spreading  mat.  the 
shallow  rootstalks  of  new  plants  apparently  are  easily 
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Figure  10.  — The  Populus  tremuloides/Poa 
pratensis  community  type  is  considered  a  grazing 
disclimax  where  heavy  grazing  has  permitted 
P.  pratensis  to  invade  and  dominate  the  under- 
growth. 

pulled  up  with  early  grazing  (Skovlin  1967).  The  type  is 
differentiated  from  the  POTR/CARU  c.t.  primarily  by  the 
great  amount  of  Poa  spp.  A  scattering  of  other 
graminoids  and  forbs  may  be  present  also,  but  Geranium 
viscosissimum,  Lupinus  argenteus,  and  Taraxacum  offici- 
nale are  usually  the  only  ones  that  occur  in  any  abun- 
dance. 

Productivity  of  Populus  tremuloides  appears  to  be  low 
to  moderate,  with  an  average  basal  area  of  149  ft2/acre 
(34.2  m2/ha)  and  a  site  index  of  47  ft  (14.3  m)  at  80  years. 
Stems  over  14  inches  (35  cm)  d.b.h.  were  not  uncommon, 
but  most  were  less  than  8  inches  (20  cm)  d.b.h.  Sucker 
reproduction  was  relatively  great. 

Undergrowth  productivity  in  the  sampled  stands  was 
low  to  moderate,  averaging  768  lb/acre  (861  kg/ha). 
Graminoids  comprised  56  percent  of  the  total,  forbs  42 
percent,  and  the  remainder  was  shrubs.  This  undergrowth 
is  considered  only  moderately  suitable  as  livestock 
forage;  only  55  percent  of  the  canopy  cover  consisted  of 
species  rated  desirable. 

Populus  tremuloides/Poa  pratensis 
Community  Type  (POTR/POPR  c.t.) 

This  type  is  widely  distributed  throughout  the  Caribou 
and  Targhee  National  Forests.  It  was  encountered  over  a 
wide  range  in  elevation,  from  6,000  to  7,500  ft  (1  830  to 
2  290  m),  on  fairly  gentle  slopes  and  on  all  exposures. 
The  type  occurs  primarily  near  stream  and  valley  bottoms 
where  livestock  naturally  tend  to  congregate. 

The  POTR/POPR  c.t.  is  a  grazing  disclimax  apparently 
caused  by  continuous  heavy  cattle  use  (fig.  10).   It  appears 
to  be  a  further  degradation  of  the  POTR/SYOR-POPR  c.t. 
The  fype  is  characterized  by  a  lack  of  both  conifers  and 
well-defined  shrub  layers,  and  the  almost  exclusive  domi- 
nance of  Poa  pratensis  or  Poa  nervosa  (or  both)  in  the 
undergrowth.  Other  species  that  may  be  fairly  abundant 
include  Taraxacum  officinale,  Lupinus  argenteus, 
Geranium  viscosissimum,  and  Thalictrum  fendleri. 


Populus  tremuloides  productivity  is  usually  very  high, 
probably  because  of  the  relatively  deep  soils  of  the 
bottom  lands  where  the  type  tends  to  occur.  Its  basal 
area  averaged  220  ft2/acre  (50.5  m2/ha),  with  a  site  index 
of  62  ft  (18.9  m)  at  80  years.  Most  stems  were  in  the  8-  to 
12-inch  (20-  to  30-cm)  d.b.h.  size  class;  stems  exceeding 
14  inches  (35  cm)  d.b.h.  were  not  uncommon.  Sucker  re- 
production was  low,  possibly  because  of  repeated  heavy 
browsing. 

Undergrowth  production  was  only  moderate,  averaging 
859  lb/acre  (963  kg/ha).  Of  this,  61  percent  was  grami- 
noids and  38  percent  was  forbs.  The  undergrowth  was 
considered  of  low  forage  suitability,  for  only  33  percent 
of  the  canopy  cover  consisted  of  desirable  forage 
species. 

Populus  tremuloides/Rudbeckia 
occidentalis  Community  Type 

(POTR/RUOC  c.t.) 

This  minor  type  was  observed  only  on  the  Webster. 
Aspen,  and  Bear  River  Ranges  of  the  Caribou  National 
Forest.  It  occurred  at  moderate  elevations  between  6,500 
and  7,300  ft  (1  980  and  2  225  m).  Most  stands  were  found 
on  moderately  steep  southerly  exposures. 

Although  the  type  lacks  well-defined  shrub  layers. 
Symphoricarpos  spp.  is  a  constant  shrub  that  occurs  in 
only  small  quantities.  Abies  lasiocarpa  is  usually  present 
as  reproduction,  but  is  never  abundant.  The  type  is  char- 
acterized by  the  dominance  of  Rudbeckia  occidentalis  in 
the  undergrowth.  Other  prominent  species  may  include 
Ligusticum  filicinum,  Agastache  urticifolia,  Osmorhiza 
occidentalis,  Thalictrum  fendleri,  Heracleum  lanatum, 
Fragaria  vesca,  and  Elymus  glaucus.  The  type  is  thought 
to  be  a  grazing  modification  of  the  POTR-ABLA/SYOR  c.t 

Productivity  of  Populus  tremuloides  in  the  type  is 
rather  low,  averaging  only  106  ft2/acre  (24.3  m2/ha)  basal 
area  with  a  site  index  of  54  ft  (16.5  m)  at  80  vears.  Stems 
did  not  exceed  12  inches  (30  cm)  d.b.h.;  most  were  less 
than  8  inches  (20  cm)  d.b.h.  Sucker  reproduction  was 
relatively  sparse.  Undergrowth  productivity  was  low  to 
moderate,  averaging  approximately  794  lb/acre  (890 
kg/ha).  Most  of  this  undergrowth  consisted  of  forbs,  81 
percent;  only  17  percent  was  graminoids.  Forage  suit- 
ability was  fairly  low;  only  48  percent  of  the  canopy  cove 
consisted  of  desirable  species  and  17  percent  consisted 
of  least  desirable  species. 

Our  POTR/RUOC  c.t.  appears  to  be  a  composite  of  the 
Populus  tremuloides/Rudbeckia  occidentalis  and  P. 
tremuloides/Heracleum  lanatum  types  described  by 
Youngblood  and  Mueggler  (1981). 

Other  Aspen  Communities 

Of  the  total  325  aspen  stands  examined  in  south- 
eastern Idaho,  only  six  did  not  fit  the  classification  we 
developed.  These  stands  were  single  encounters  repre- 
senting rather  unusual  situations.  If  encountered  re- 
peatedly, justification  would  exist  for  recognizing  them 
as  distinct  community  types. 
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Where  aspen  occupy  a  wet  meadow,  seep,  or  other 
high  water-table  site,  the  understory  may  be  dominated 
by  species  especially  well  adapted  to  moist  situations. 
Two  such  sites  were  observed  in  the  Centennial  Range. 
One  semiwet  meadow  occuped  by  aspen  had  75  percent 
canopy  cover  of  Alopecurus  alpinus  and  minor  amounts 
of  Aster  foliaceus  and  Elymus  glaucus  in  the  under- 
growth. In  another,  the  undergrowth  was  dominated  by 
Agrostis  alba  accompanied  by  Aster  foliaceus,  Poa 
palustris,  Geranium  viscosissimum,  and  Taraxicum 
officinale.  One  stand  in  the  Portneuf  Range  on  the 
Caribou  National  Forest  was  observed  where  Carex 
aquatilis  completely  dominated  the  undergrowth. 

Near  the  Utah  border  in  the  Bear  River  Range  a  stand 
was  encountered  that  had  the  undergrowth  dominated  by 
Lathyrus  lanszwertii.  with  E.  glaucus  and  Nemophila 
breviflora  also  abundant.  Although  this  was  the  only  such 
stand  seen  in  southeastern  Idaho,  it  appears  very  similar 
to  some  aspen  communities  observed  in  northern  Utah. 


The  abundance  of  L.  lanszwertii  may  in  part  be  attribut- 
able to  heavy  past  grazing. 

In  one  atypical  situation  with  considerable  ground  dis- 
turbance by  pocket  gophers,  Linaria  vulgaris  and 
Nemophila  breviflora  completely  dominated  the  under- 
growth. The  stand  occupied  a  gentle  southwesterly 
exposure  on  the  Yellowstone  Plateau.  Presumably, 
L  vulgaris  invaded  the  site  following  severe  soil  dis- 
turbance. 

One  stand  was  observed  on  the  Bear  River  Range 
where  Vaccinium  globulare  completely  dominated  the 
undergrowth,  with  70  percent  canopy  cover.  This  com- 
munity occurred  at  7,700  ft  (2  350  m)  elevation  and  had 
an  overstory  where  Populus  tremuloides  and  Pinus 
contorta  were  codominants,  with  lesser  amounts  of 
Abies  lasiocarpa.  The  community  was  obviously  serai 
within  the  A.  lasiocarpa/V.  globulare  habitat  type  de- 
scribed by  Steele  and  others  (in  press)  for  the  area. 
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APPENDIX  A1 

Appendix  A1.  Constancy  and  average  canopy  cover  (latter  in  parenthesis)  of  important  plants  in  aspen  community  types  within  the  Caribi  iu 

and  Targhee  National  Forests.  (Code  for  constancy  values  is  at  the  bottom  of  the  table;  canopy  cover  is  the  average  percent  for 
those  stands  in  which  the  species  was  found,  except denotes  a  trace  value.) 
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Appendix  A1.  (con. 
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Appendix  A1.  (con, 


Community  Type:  POTR-  POTR-  POTR-  POTR-  POTR-  POTR  POTR, 
ABLA/  ABLA/  PSME/  PSME/  PSME/  PICO/  AMAL- 
SYOR       THFE       AMAL      SYOR       CARU      CARU       PAMY 


POTR/  POTR/  POTR/  POTR/  POTR/ 
AMAL-  AMAL-  AMAL  PAMY  PAMY- 
SPBE       SYOR      CARU      CARU      GEVI 


No.  of  stands: 

6 

3 

') 

8 

1 

10 

?' 

8 

53 

.'0 

7 

1/ 

Lupinus  argenteus 

10(  3) 

7(~) 

6(  5) 

9(  5) 

10(  5) 

7(  4) 

9(  7) 

9(  4) 

7(  8) 

9(  9) 

10 

5) 

5(  5) 

Nemophila  brevitlora 

2(10) 

-(  0) 

1(") 

3(15) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(21) 

-(  0) 

0) 

-(  0) 

Osmorhiza  chilensis 

8(  3) 

10(  9) 

9(   7) 

10(  5) 

7(  4) 

8(  3) 

7(11) 

8(  5) 

7(  6) 

7(10) 

9 

2) 

7(  3) 

Osmorhiza  occidentalis 

7(  2) 

3(**) 

2(  2) 

1(") 

-(  0) 

1(  2) 

2(   1) 

-(  0) 

3(  5) 

3(  3) 

- 

0) 

K  5) 

Paeonia  brownu 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(   1) 

K") 

- 

0! 

-(  0) 

Pediculans  bracleosa 

-(  0) 

-(  0) 

-(  0) 

3(**) 

-(  0) 

4(  2) 

-(  0) 

1(**) 

1(") 

K  3) 

- 

0) 

-(  0) 

Pediculans  racemosa 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (") 

-(  0) 

_ 

01 

-(  0) 

Pendendia  gairdnen 

-(  0) 

-(  0) 

3(**) 

4(**) 

7(    D 

4(    1) 

3C-) 

8(   1) 

5(") 

7(    1) 

! 

••) 

-  !  0) 

Polentilla  glanduiosa 

3(") 

3(") 

3(**) 

4(**) 

6C) 

4(    1) 

2(   1) 

-(  0) 

5(   1) 

3(   D 

i 

8) 

6(  2) 

Potentilla  gracilis 

2(") 

-<  0) 

-(  0) 

1(  3) 

-(  0) 

2(    1) 

K  2) 

-(  0) 

2(   1) 

1(   5) 

1 

'•) 

-(  0) 

Pteridium  aguilinum 

-(  0) 

-(  0) 

1(35) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

- 

0) 

-(  0) 

Rudbeckia  occidentalis 

2(  2) 

7(  5) 

-l  0) 

3(21) 

-(  0) 

1(15) 

+  (   3) 

-(  0) 

2(11) 

2(12) 

- 

0, 

-(  0) 

Scrophularia  lanceolata 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (••) 

-(  0) 

- 

0) 

-(  0) 

Senecio  crassulus 

2(10) 

-(  0) 

-(  0) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(") 

1(10) 

- 

0, 

-(  0) 

Senecio  streptanthifolius 

5(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

K**) 

1(") 

1(") 

K") 

1 

•*) 

2(**) 

Senecio  integemmus 

2(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(  3) 

1(  4) 

0, 

-(  0) 

Senecio  serra 

5(") 

7(") 

-(  0) 

-(  0) 

-(  0) 

K  5) 

+  (••) 

4(    1) 

3(  5) 

3(   7) 

0) 

K  3) 

Silene  menziesu 

2(**) 

-(  0) 

2(") 

1(") 

-(  0) 

-(  0) 

2(  3) 

-(  0) 

K   D 

K  2) 

3 

2) 

K") 

Smiiacma  racemosa 

2(**) 

-(  0) 

2(") 

1(") 

3(") 

-(  0) 

4(    1) 

8(    1) 

2(  3) 

3(  3) 

0) 

1(**) 

Smilacina  stellata 

-(  0) 

-(  0) 

7(   D 

1(**) 

1(") 

2(  3) 

2(  2) 

8(  2) 

3(   D 

3(  3) 

4 

1) 

K*') 

Solidago  canadensis 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

- 

0) 

-(  0) 

Stellana  /arnesiana 

2(*-) 

-(  0) 

-(  0) 

K  3) 

-(  0) 

1(") 

+  (  3) 

-(  0) 

+  (  2) 

1(**) 

0) 

3(  3) 

Taraxacum  officinale 

8(  2) 

7(    D 

3(**) 

5(    1) 

6(  2) 

4(   D 

5(  2) 

3(") 

7(  2) 

6(  2) 

4 

2) 

2(**) 

Thalictrum  fendlen 

5(  9) 

10(15) 

10(19) 

10(11) 

10(13) 

7(   7) 

9(  7) 

10(13) 

7(12) 

8(14) 

■1 

D 

5(  5) 

Tragopogon  dubius 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(*') 

2(") 

1 

•') 

-(  0) 

Trifolium  dubium 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (•*) 

-<  0) 

0) 

-(  0) 

Trifolium  repens 

-(  0) 

-(  0) 

-(  0) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (") 

-(  0) 

-< 

Oi 

-(  0) 

Trifolium  spp. 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (  5) 

-(  0) 

+  (  3) 

-(  0) 

- 

0) 

-(  0) 

Valeriana  occidentalis 

2(") 

3C-) 

2(") 

5(  8) 

-(  0) 

1(") 

+  (  5) 

1(") 

3(  3) 

3(  5) 

1 

••) 

2(  4) 

Vicia  amencana 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (") 

-(  0) 

- 

0) 

-(  0) 

Viola  adunca 

2(") 

-<  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(**) 

-(  0) 

1(**) 

1(") 

3( 

••) 

-(  0) 

Viola  nuttallu 

3(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1C*) 

+  (**) 

-(  0) 

1(   D 

2C-) 

- 

0) 

K") 

Viola  spp. 

2(") 

3(10) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

K  2) 

1(") 

-1 

0) 

-(  0) 

Wyethia  amplexicaulis 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(") 

-(  0) 

!(••) 

-(  0) 

-  ( 

0) 

1(") 

Code  of  constancy  values:    +    =  <  5%,     1   =  5-15%,     2  =  15-25%,  3  =  25-35%,     4  =  35-45%,     5  =  45-55%,     6 
8  =  75-85%,     9  =  85-95%.      10  =  95-100% 


55-65%, 


65-75%. 
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APPENDIX  A2 

Appendix  A2.  Constancy  and  average  canopy  cover  (latter  in  parenthesis)  of  important  plants  in  aspen  community  types  within  the  Caribou 
and  Targhee  National  Forests.  (Code  for  constancy  values  is  at  the  bottom  of  the  table;  canopy  cover  is  the  average  percent 
for  those  stands  in  which  the  species  was  found,  except  ' denotes  a  trace  value.) 


Community  Type:  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/ 
SPBE-  SYOR-  SYOR-  SYOR-  ARTR-  GEVI  WYAM  CARU  CARU-  POPR  RUOC 
CARU       CARU       POPR       RUOC       FEID  POPR 


No.  of  stands: 


42 


15 


35 


13 


12 


TREES 

Abies  lasiocarpa  >  1.5  m  tall 
Abies  lasiocarpa  <  1.5  m  tall 
Juniperus  scopulorum  >  1.5  m 

Jumperus  scopulorum  <  1.5  m 
Picea  engelmannii  >  1.5  m 
Picea  engelmannii  <  1 .5  m 

Pinus  contorta  >  1.5  m 
Pinus  contorta  <  1.5  m 
Populus  tremuloides  >  1.5  m 

Populus  tremuloides  <  1.5  m 
Pseudotsuga  menzies/i  >  1.5  m 
Pseudotsuga  men7iesii  <  1.5  m 

SHRUBS 

Acer  glabrum 

Acer  grandidentatum 

Amelanchier  alnifolia 

Artemisia  tridentata 
Berberis  repens 
Ceanothus  velutinus 

Crataegus  douglasii 
Juniperus  communis 
Pachistima  myrsinites 

Physocarpus  malvaceus 
Prunus  virginiana 
Rubus  parvitlorus 

Rosa  woodsii 
Salix  scouleriana 
Shepherdia  canadensis 

Sorbus  scopulina 
Spiraea  betulifolia 
Symphoncarpos  albus 

Symphoricarpos  oreophilus 

GRAMINOIDS 

Agropyron  caninum 
Agrostis  spp. 
Bromus  carinatus 

Bromus  ciliatus 
Bromus  spp. 
Calamagrostis  rubescens 

Carex  aquatilis 
Carex  geyeri 
Carex  hoodii 

Carex  spp. 
Dactylis  glomerata 
Elymus  glaucus 

Festuca  idahoensis 
Melica  spectabilis 
Phleum  pratense 


-(  0) 

-(  0) 
-(  0) 

3(") 
-(  0) 

0) 

0) 
0) 


-< 


-( 

10(80) 

7(  5) 
3(**) 
7(") 


-(  0) 

-(  0) 
7('*) 

-(  0) 

10(  6) 

7(  2) 

-(  0) 
-(  0) 
-(  0) 

-(  0) 
10(  3) 
-(  0) 

7(") 
3(**) 

-(  0) 

-(  0) 
10(31) 
10(27) 

-(  0) 


-(  0) 
-<  0) 
-(  0) 

-(  0) 
-(  0) 
10(37) 

-(  0) 
-(  0) 
3(**) 

-(  0) 
-(  0) 
10(   1) 

-(  0) 

-(  0) 
-(  0) 

1(  1) 

2(  2) 

-(  0) 

1(") 

1(  D 

1(  D 

K  2) 

-(  0) 

K") 

1(") 

1(**) 

K"*) 

+  (   7) 

-(  0) 

-(  0) 

+  (**) 

-(  0) 

-(  0) 

3(  3) 

2(  2) 

-(  0) 

2(") 

1(") 

K") 

10(76) 

10(76) 

10(68) 

10(  7) 

10(  5) 

10(  2) 

2(  3) 

K  3) 

4(  3) 

3(  D 

3(  D 

1(") 

-(  0) 

1(") 

-(  0) 

-(  0) 

1(  3) 

1(") 

7(  2) 

5(  D 

6(  1) 

+  (") 

K") 

1(") 

6(  2) 

3(  1) 

4(  1) 

+  (13) 

-(  0) 

-(  0) 

1(  D 

-(  0) 

-(  0) 

+  (  6) 

-(  0) 

-(  0) 

2(  1) 

2(  3) 

-(  0) 

+  (  9) 

-(  0) 

-(  0) 

3(  1) 

1(  7) 

4(") 

-(  0) 

-(  0) 

-(  0) 

6(  3) 

5(10) 

4(13) 

K  2) 

-(  0) 

K") 

+  C) 

1(  2) 

-(  0) 

+  (  2) 

-(  0) 

1(**) 

1(  2) 

-(  0) 

-(  0) 

5(27) 

2(20) 

1(38) 

5(18) 

9(22) 

9(24) 

5(   D 

7(  3) 

4(25) 

+  (  5) 

-(  0) 

-(  0) 

3(  1) 

6(  5) 

8(10) 

1(  2) 

1<  3) 

-(  0) 

K  2) 

1(") 

-(  0) 

10(44) 

3(  6) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

2(35) 

3(  D 

-(  0) 

1(   D 

3(  2) 

5(  2) 

+  (**) 

-(  0) 

-(  0) 

1(  2) 

-(  0) 

3(**) 

7(10) 

5(  5) 

5(24) 

+  (**) 

2('*) 

-(  0) 

2(") 

K") 

4(") 

K  D 

1(") 

1(40) 

-(  0) 
-(  0) 
-(  0) 


-( 
-( 
-( 

-( 


0) 
-(  0) 
10(70) 

10(43) 
5(") 
5(") 


-(  0) 

-(  0) 

-(  0) 

10(  5) 

5(  5) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

5(**) 

-(  0) 


■(  0) 


5(**) 
-(  0) 
-(  0) 

-(  0) 
-(  0) 
-(  0) 

-(  0) 
-(  0) 
-(  0) 

5(") 

-(  0) 
-(  0) 

10(30) 
-(  0) 
-(  0) 


2(  2) 

1( 

2(") 

1( 

-(  0) 

1( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

3( 

-(  0) 

1( 

10(65) 

10(" 

10(  4) 

9( 

4(  3) 

3( 

2(**) 

1( 

2(  5) 

-(  0) 

1( 

4(  3) 

6( 

2(**) 

1( 

-(  0) 

1( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

2(  2) 

-( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

4(  5) 

3( 

-(  0) 

1( 

-(  0) 

1( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

6(  6) 

6( 

2(  3) 

3( 

4(25) 

1( 

4(10) 

6( 

-(  0) 

-  ( 

-(  0) 

-( 

4(  4) 

3( 

-(  0) 

-( 

-(  0) 

K 

-(  0) 

3( 

2(") 

1| 

-(  0) 

3( 

6(17) 

4( 

-(  0) 

4( 

4(*') 

1( 

2(") 

4( 

**) 

••) 
1) 

0) 
0) 
0) 

•*) 
") 

74) 

2) 

D 

**) 


0) 

'•) 

2) 

**) 

**) 

0) 

0) 
0) 
0) 

0) 
0) 
0) 


1(  4) 

1(") 

+  (") 

-(  0) 

+(") 

-(  0) 

2(  D 

2(**) 

10(79) 

10(  6) 

4(  3) 
3(**) 


-(  0) 
+  (•*) 
4(   1) 

K  D 
4(  2) 
+  (  8) 

+  (") 

-(  0) 
1(") 

-(  0) 

1(  1) 

-(  0) 

3(   D 

-(  0) 

K  6) 

K  4) 

+  (  2) 

1(  4) 

8(  2) 


1(") 

K") 

-(  0) 

-(  0) 
-(  0) 
-(  0) 

1(") 
1(") 

10(80) 

10(   7) 
1(") 

3(  1) 


-(  0) 
-(  0) 
2(  1) 

2(**) 
4(  5) 
-(  0) 

-(  0) 
1(") 

-(  0) 

-(  0) 
1(  3) 
-(  0) 

5(  1) 
-(  0) 
1(") 

-(  0) 
-(  0) 
2(  2) 

4(  2) 


3) 

5(  2) 

8(  1) 

•*) 

+  (**) 

2(**) 

2) 

5(  2) 

5(  D 

0) 

K  D 

2('*) 

0) 

+  (**) 

2(") 

13) 

10(48) 

10(42) 

0) 

-(  0) 

-(  0) 

20) 

2(37) 

1(10) 

**) 

1(  2) 

2(  D 

") 

-(  0) 

-(  0) 

2) 

+  (*') 

2(**) 

9) 

5(12) 

2(10) 

1) 

2(   1) 

K  3) 

**) 

1(**) 

2(") 

2) 

2(  1) 

4(  7) 

2(  8) 

5( 

3(  2) 

10( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

-(  0) 

-( 

1(") 

-( 

1(") 

-( 

10(77) 

10( 

10(  6) 

10( 

3(  3) 

-( 

K") 

—  ( 

-(  0) 

-(  0) 

-( 

3(  2) 

5( 

-(  0) 

3( 

3(  2) 

-( 

1(") 

-( 

-(  0) 

-( 

-(  0) 

-( 

1(  2) 

-( 

-(  0) 

-( 

-(  0) 

5( 

-(  0) 

-( 

5(  D 

5( 

-(  0) 

-( 

1(20) 

-( 

-(  0) 

-( 

-(  0) 

-( 

2(  2) 

-( 

6(  D 

10( 

5(  4) 

5( 

-(  0) 

3( 

2(  8) 

5( 

3(  1) 

3( 

2(") 

3( 

2(  3) 

-( 

-(  0) 

-( 

K**) 

-( 

3(10) 

-( 

-(  0) 

3( 

-(  0) 

3( 

5(18) 

8( 

-(  0) 

-( 

3(") 

5( 

2(  5) 

-( 
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Appendix  A2.  (con.) 


Community  Type:  POTR/ 
SPBE- 
CARU 


No.  of  stands: 


Poa  palustns 
Poa  pratensis 
Poa  reflexa 

Poa  spp. 

Stipa  occidentalis 

FORBS 

Achillea  millefolium 
Agastache  urttcifolia 
Agosens  glauca 

Antennaria  microphylla 
Aquilegia  coerulea 
Arabis  spp. 

Arnica  corditolia 
Artemisia  ludoviciana 
Aster  perelegans 

Aster  engelmannu 
Aster  toliaceus 
Aster  integnfolius 

Aster  spp. 
Astragalus  miser 
Balsamorhiza  macrophylla 

Campanula  .otunditoha 
Castille/a  linanaefolia 
Castille/a  miniata 

Clematis  Columbiana 
Collmsia  parvitlora 
Delphinium  occidentale 

Disporum  trachycarpum 
Epilobium  angustifolium 
Equisetum  laevigatum 

Engeron  speciosus 
Fragana  vesca 
Frasera  speciosa 

Galium  boreale 
Galium  triflorum 

Geranium  nchardsonii 
Geranium  viscosissimum 
Habenana  unalascensis 

Hackelia  flonbunda 
Helenium  hoopsn 
Helianthella  umllora 

Heracleum  lanatum 
Hieracium  albiflorum 
Hieracium  cynoglossoides 

Iris  missouriensis 
Lathyrus  ians?wertii 
Ligusticum  tilicmum 

Lupinus  argenteus 
Nemophila  breviflora 
Osmorhiza  chilensis 


-(  0) 
3(  2) 
-(  0) 

-(  0) 
-(  0) 


POTR/ 
SYOR- 
CARU 

42 

K  D 
5(17) 
-(  0) 

+  ("*) 
2(   1) 


POTR/ 
SYOR- 
POPR 

15 

1(75) 
9(40) 
-(  0) 

-(  0) 
3(") 


POTR/ 
SYOR- 
RUOC 


-(  0) 
8(11) 
K  3) 


7C-) 

8(  2) 

6(   1) 

9(  3) 

5( 

3(") 

2(   1) 

3(  2) 

6(   7) 

-  ( 

3(") 

K") 

-(  0) 

K") 

-( 

-(  0) 

-(  0) 

2(") 

-(  0) 

5( 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-( 

3(") 

+  ('•) 

K") 

1(") 

-( 

-(  0) 

3(  7) 

1(  4) 

-(  0) 

-( 

-(  0) 

+  (  3) 

1(") 

-(  0) 

-( 

3(  3) 

K  3) 

1C) 

-(  0) 

-( 

-(  0) 

K   D 

-(  0) 

-(  0) 

-( 

3(") 

2(  2) 

-(  0) 

3(12) 

-  ( 

-(  0) 

1(  4) 

-(  0) 

-(  0) 

-( 

-(  0) 

2(   1) 

2C-) 

-(  0) 

-( 

-(  0) 

1(  4) 

3(   D 

-(  0) 

-( 

-(  0) 

+  (*•) 

-(  0) 

-(  0) 

-( 

-(  0) 

2(**) 

K"> 

1(") 

-  ( 

-(  0) 

K") 

-(  0) 

K") 

-( 

-(  0) 

K  1) 

1(**) 

-(  0) 

-( 

-(  0) 

1(   4) 

1(-') 

-(10) 

-( 

-(  0) 

K  9) 

1(10) 

4(20) 

-( 

-(  0) 

1(    1) 

K  2) 

4(") 

-( 

-(  0) 

+  (*•) 

-(  0) 

-(  0) 

-( 

3(   D 

3(10) 

-(  0) 

-(  0) 

-( 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-( 

-(  0) 

4(   2) 

3(  3) 

4(    1) 

-( 

-(  0) 

5(  2) 

6(  3) 

6(   D 

5( 

-(  0) 

K  2) 

2(") 

(  0) 

-( 

-(  0) 

4(  2) 

2(   1) 

4(    1) 

-( 

-(  0) 

+  (*') 

-(  0) 

-(  0) 

-( 

-(  0) 

-(  0) 

-(  0) 

1(20) 

-( 

7(  6) 

10(14) 

10(14) 

4(  9) 

101 

-(  0) 

K") 

K") 

-(  0) 

-( 

-(  0) 

K  2) 

K") 

5(  4) 

-( 

-(  0) 

-(  0) 

K") 

K   5) 

-  ( 

-(  0) 

K  3) 

-(  0) 

-(  0) 

-( 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-( 

-(  0) 

+  C) 

1(**) 

-(  0) 

-  ( 

7(") 

3(") 

1(**) 

-(  0) 

5| 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

i 

-(  0) 

-(  0) 

-(  0) 

3(19) 

-( 

-(   0) 

+  (*') 

-(  0) 

-(  0) 

-( 

7(  6) 

8(  7) 

8(  8) 

5(") 

10( 

-(  0) 

1(21) 

1(") 

5(66) 

-( 

7(  2) 

7(  6) 

6(  5) 

6(  7) 

-( 

POTR/ 
ARTR- 
FEID 


-(  0) 
5(10) 
-(  0) 

5(  5) 
10(  8) 


3) 
0) 

0) 

••) 
0) 

0) 

0) 

0) 

0) 

0) 
0) 
0) 

0) 
0) 

0) 

0) 
0) 

0) 

0) 
0) 
0) 

0) 
0) 
0) 

0) 
15) 

(J) 

0) 

0) 

0) 
3) 
0) 

0) 

0, 
0) 

0. 
0) 

••) 

0) 
0) 
0) 

4) 
0) 
0) 


POTR/ 
GEVI 


-(  0) 
4(  2) 
-(  0) 

-(  0) 
2(  5) 


4(") 

4(  1) 
2(") 

-(  0) 
-(  0) 
2(") 

2(20) 
-(  0) 
-(  0) 

4(  3) 
2(") 
2(") 

-(  0) 
-(  0) 
2(  3) 

-(  0) 
2(") 
-(  0) 

-(  0) 

-(  0) 
-(  0) 

-(  0) 
4(  8) 
-(  0) 

2(  5) 
2(") 
-(  0) 

4(  3) 
-(  0) 

-(  0) 
10(20) 
-(  0) 

4(  2) 
-(  0) 
-(  0) 

-(  0) 
2("> 
-(  0) 

-(  0) 
-(  0) 
-(  0) 

4(23) 
2(20) 
8(16) 


POTR/   POTR/ 
WrAM   CARU 


3(  3) 
9(12) 
-(  0) 

1(") 

1(  2) 
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2(11) 
5(  6) 


1(16) 
2(  2) 


POTR/ 
CARU- 
POPR 

13 

2(**) 
10(32) 
-(  0) 

-(  0) 

4(   1) 


POTR/ 
POPR 

12 

K  3) 

10(49) 

2(  3) 

-(  0) 
3(   1) 


POTR/ 
RUOC 


-(  0) 
-(  0) 
3(  3) 

5C-) 
3(") 


6(") 

8(   1) 

8(    1) 

8(") 

5( 

-(  0) 

+  (*•) 

-(  0) 

1(10) 

8( 

-(  0) 

K") 

K") 

2(**) 

-( 

1(") 

K  2) 

4(    1) 

1(**) 

-( 

-(  0) 

1(**) 

1(") 

2(  9) 

3l 

-(  0) 

-(  0) 

1(") 

-(  0) 

3l 

-(  0) 

3(  9) 

2(  3) 

3(17) 

-( 

-(  0) 

+  (") 

-(  0) 

1(**) 

-( 

-(  0) 

1(") 

-(  0) 

-(  0) 

-( 

-(  0) 

3(  3) 

-(  0) 

-(  0) 

5| 

-(  0) 

1(   1) 

4(   1) 

1(") 

-( 

1(") 

+  (  3) 

-(  0) 

2(") 

-( 

-(  0) 

K   D 

2(**) 

K") 

-( 

K  3) 

3(  4) 

3(   D 

2(") 

-  ( 

4(  2) 

+  (") 

-(  0) 

1(**) 

3| 

-(  0) 

1(**) 

2(**) 

-(  0) 

-( 

-(  0) 

1(   D 

1(10) 

-(  0) 

-  ( 

-(  0) 

1(") 

1(**) 

-(  0) 

-( 

-(  0) 

+  (*') 

-(  0) 

-(  0) 

-  ( 

1C-) 

1(") 

K  3) 

2(   2) 

3l 

K") 

K") 

-(  0) 

1(**) 

3( 

-(  0) 

+  (••) 

K**) 

-(  0) 

-( 

-(  0) 

1(") 

-(  0) 

K   3) 

3( 

-(  0) 

-(  0) 

-(  0) 

1(") 

-( 

3(   D 

+  (") 

1(") 

K   2) 

-  ( 

3(  4) 

5(  4) 

5(  3) 

5(  4) 

5( 

1(**) 

2(   1) 

2(") 

K  2) 

3l 

1(") 

2(   1) 

4(    D 

3(   1) 

3( 

-(  0) 

K  2) 

-(  0) 

-(  0) 

-( 

-(  0) 

-(  0) 

-<  0) 

-  I   0) 

3( 

10(  9) 

10(12) 

9(10) 

8(13) 

10( 

4(") 

1(   D 

2C-) 

K") 

5| 

-(   0) 

1(   1) 

-(  0) 

-(  0) 

5l 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-I 

1(") 

-(  0) 

-(  0) 

-(  0) 

f 

(    0) 

-(  0) 

-(  0) 

-(  0) 

5| 

-(  0) 

1(") 

-(  0) 

-(  0) 

-( 

-(  0) 

2(") 

2C-) 

-(  0) 

i 

-(  0) 

-(  0) 

2(  2) 

1(**) 

-  i 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-  i 

3(  5) 

1(19) 

-(  0) 

-(  0) 

8< 

3(10) 

9(  9) 

6(  7) 

7(  5) 

■•1 

-(  0) 

+  (   3) 

K  3) 

1(20) 

& 

3(  4) 

7(  4) 

6(  3) 

7(  3) 

8( 

Code  of  constancy  values:      +    =<5%,    1   =  5-15%,    2  =  15-25%,    3  =  25-35%,    4  =  35-45%,  5  =  45-55%,  6 
7  =  65-75%,    8    =  75-85%,    9  =  85-95%,    10  =  95-100% 


55-65%, 


(con.) 
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Appendix  A2.  (con.) 


Community  Type:  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/  POTR/ 
SPBE-  SYOR-  SYOR-  SYOR-  ARTR-  GEVI  WYAM  CARU  CARU-  POPR 
CARU       CARU        POPR        RUOC       FEID  POPR 


No.  of  stands: 


42 


15 


35 


13 


12 


Osmorhiza  occidentalis 
Paeonia  brownii 
Pedicularis  bracteosa 

Pedicularis  racemosa 
Perideridia  gairdneri 
Potentilla  glandulosa 

Potenlilla  gracilis 
Pteridium  aquilinum 
Rudbeckia  occidentalis 

Scrophularia  lanceolata 
Senecio  crassulus 
Senecio  streptanthifolius 

Senecio  integerrimus 
Senecio  serra 
Silene  menziesii 

Smilacina  racemosa 
Smilacina  stellata 
Solidago  canadensis 

Stellaria  jamesiana 
Taraxacum  officinale 
Thai ict rum  fendlen 

Tragopogon  dubius 
Trifolium  dubium 
Trifolium  repens 

Trifolium  spp. 
Valeriana  occidentalis 
Vicia  amencana 

Viola  adunca 
Viola  nuttallii 
Viola  spp. 

Wyethia  amplexicaulis 

Code  of  constancy  values: 


-  (  0) 

K  8) 

2(   D 

3(  3) 

-(  0) 

4(  4) 

3(13) 

1(  1) 

-(  0) 

2(  3) 

-(  0) 

+  (*•) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(  1) 

-(  0) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

7(") 

5(  D 

3(  D 

-(  0) 

5(**) 

4(") 

4(") 

5(  1) 

8(  1) 

6(  1) 

3(*-) 

5(   D 

5(") 

1(  3) 

5(  5) 

6(  2) 

1(   D 

6(  1) 

7(   D 

6(**) 

-(  0) 

1(  2) 

3(  5) 

4(   1) 

-(  0) 

6C*) 

3(") 

3(  2) 

4(  4) 

5(   1) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (  5) 

-(  0) 

-(  0) 

-(  0) 

2(  5) 

3(  D 

10(34) 

-(  0) 

4(  2) 

4(  8) 

1(  3) 

2(  8) 

3(11) 

-(  0) 

-(  0) 

1(") 

4(*') 

-(  0) 

2(**) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (  5) 

1(10) 

-(  0) 

-(  0) 

2(") 

-(  0) 

1(  1) 

1(  3) 

2(  2) 

-(  0) 

+  (") 

2(**) 

1(**) 

-(  0) 

-(  0) 

-(  0) 

1(**) 

-(  0) 

2(**) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(  5) 

-(  0) 

K") 

-(  0) 

-(  0) 

2(  2) 

3(  2) 

8(10) 

-(  0) 

4(   1) 

K**) 

1(     ) 

1(**) 

3(**) 

3(  3) 

1(   D 

1(  3) 

1(  3) 

-(  0) 

-(  0) 

-(  0) 

2(  1) 

-(  0) 

-(  0) 

7(  2) 

1(") 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(**) 

2(~) 

-(  0) 

7(   D 

3(  2) 

1(  3) 

1(") 

-(  0) 

2(") 

-(  0) 

3(  2) 

2(**) 

2(") 

-(  0) 

1(  2) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (**) 

-(  0) 

1(10) 

-(  0) 

1<  2) 

-(  0) 

5(  5) 

-(  0) 

2(  3) 

-(  0) 

1(**) 

-(  0) 

-(  0) 

3(") 

7(  2) 

7(  3) 

4(  2) 

5(15) 

2(   1) 

4(  7) 

6(  2) 

8(  3) 

8(  4) 

10(12) 

5(10) 

4(  4) 

8(  4) 

-(  0) 

8(  9) 

1(") 

7(  8) 

5(  2) 

6(  5) 

-(  0) 

K") 

K  2) 

K") 

-<  0) 

-<  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (  3) 

1(*-) 

1(**) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

2(**) 

-(  0) 

-(  0) 

+  (**) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(  4) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(  3) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

+  (**) 

1(**) 

1(  5) 

-(  0) 

3(  3) 

3(  9) 

8(  6) 

-(  0) 

4(  8) 

-(  0) 

2(  4) 

2(  3) 

5(  4) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

-(  0) 

1(**) 

1(**) 

3(") 

-(  0) 

-(  0) 

-(  0) 

1(   1) 

2(**) 

1(**) 

-(  0) 

+  (*') 

-(  0) 

-(  0) 

-(  0) 

2(") 

-(  0) 

2(   1) 

-(  0) 

2(**) 

-(  0) 

+  (") 

1(**) 

1(  3) 

-(  0) 

-(  0) 

-(  0) 

1(   1) 

-(  0) 

-(  0) 

-(  0)        +(**)        -(0)        -(0)        -(  0) 


2(") 


10(48) 


+    =  <  5%, 
7  =  65-75%, 


1  =  5-15%,     2  =  15-25%,     3  =  25-35%,     4  =  35-45%,     5 
8  =  75-85%,     9  =  85-95%,     10  =  95-100% 


+  (**) 
=  45-55%, 


-(  0)  1(") 

6  =  55-65%, 
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APPENDIX  B1 


Means,  standard  errors  (SE),  and  ranges  of  basal  area,  stand 
age,  stand  height,  and  site  index  for  Populus  tremuloides  by 
community  types  in  English  units. 


Site 
index 
Basal         Stand       Stand        (at  80 
area  age        height       years) 


Community  type 


Ftdlacre       Years     Feet 


POTR-ABLA/SYOR(2)1 
mean 
SE 
range 

POTR-PSME/AMAL(2) 
mean 
SE 
range 

POTR-PSME/SYOR(3) 
mean 
SE 
range 

POTR-PSME/CARU(1) 
mean 
SE 
range 

POTR-PIC07CARU  (1) 
mean 
SE 
range 

POTR/AMAL-PAMY  (12) 
mean 
SE 
range 

POTR/AMAL-SPBE  (3) 
mean 
SE 
range 

DOTR/AMAL-SYOR  (20) 
mean 
SE 
range 

DOTR/AMAL-CARU  (5) 
mean 
SE 
range 

3OTR/PAMY-CARU  (3) 
mean 
SE 
range 

3CTR/PAMY-GEVI  (2) 
mean 
SE 
range 


111      91  58  54 

37       3  8  8 

73-150  88-94  49-66  45-62 

152      88  50  53 

5      24  0  5 

147-157  63-112  50-50  48-58 


162      95      60      55 

37       1       5      8 

114-236   94-96    49-65    46-60 


154 


182 


97 


115 


62 


87 


56 


123  90  51  55 

7  6  3  3 

77-165  47-107  35-67  38-71 

128  94  63  60 

16  6  2  5 
95-144  83-100  60-65  53-70 

105  91  48  49 

6  4  2  2 

36-158  53-125  33-67  36-65 

141  72  45  49 

17  6  3  3 
83-186  52-87  35-53  40-56 

145  96  54  50 

4  10  8  6 

136-150  78-112  39-68  40-60 

129  98  49  47 
0  2  11 

129-129  96-100  48-50  46-48 


Community  type 

Basal 
area 

Stand 
age 

Stand 

height 

Site 
index 
(at  80 
years) 

Ft  2/acre 

Years 

Feet  

POTR/SPBE-CARU  (1) 
mean 
SE 

160 

106 

53 

46 

range 

— 

- 

- 

— 

POTR/SYOR-CARU(17) 
mean 
SE 
range 

138 
9 
86-206 

85 

4 

53-107 

52 

2 

32-68 

51 

2 

35-66 

POTR/SYOR-POPR  (5) 
mean 
SE 
range 

1 54 

14 

112-187 

79 

8 
49-94 

50 

2 

47-57 

56 

4 
45-65 

POTR/SYOR-RUOC  (5) 
mean 
SE 

range 

139 

15 
109-194 

96 

9 

64-119 

57 

4 
46-68 

55 

6 

43-77 

POTR/GEVI  (1) 
mean 
SE 

164 

120 

65 

52 

range 

— 

— 

— 

— 

POTR/WYAM  (2) 
mean 
SE 
range 

74 

38 
36-112 

71 

8 

63-79 

27 

3 
24-30 

31 

4 

27-35 

POTR/CARU(12) 
mean 
SE 
range 

1 44 

9 
61-185 

93 

3 

75-112 

55 

3 

38-69 

54 

2 

40-65 

POTR/CARU-POPR  (5) 
mean 
SE 
range 

149 

12 

113-182 

88 

8 

67-114 

49 

8 

33-75 

47 

5 

37-65 

POTR/POPR  (4) 
mean 
SE 

range 

220 

26 

168-280 

95 

10 
67-110 

63 

1 

60-66 

62 

5 
51-72 

POTR/RUOC  (3) 

mi  vin 

SE 

range 

106 
4 
101-115 

97 

4 
93-105 

55 

3 

51-61 

64 

3 

48-57 

All  intensively 

sampled  stands  (114) 
mean 
SE 
range 

135 

4 
36-280 

90 
2 

52-125 

52 
1 

24-87 

52 

1 
27-77 

Number  of  stands  sampled 
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APPENDIX  B2 

Means,  standard  errors  (SE),  and  ranges  of  basal  area,  stand 
age,  stand  height,  and  site  index  for  Populus  tremuloides  by 
community  types  in  metric  units. 


APPENDIX  B2(C0N.) 


Site  index 

Basal 

Stand 

Stand       (at  80 

Community  type 

area 

age 

height       years) 

m2/ha 


Years     Meters 


POTR-ABLA/SYOR(2)1 
mean 
SE 
range 

POTR-PSME/AMAL(2) 
mean 
SE 
range 

POTR-PSME/SYOR(3) 

mean 

SE 

range 

POTR-PSME/CARU  (1) 
mean 
SE 
range 

POTR-PICO/CARU  (1) 
mean 
SE 
range 

POTR/AMAL-PAMY(12) 
mean 
SE 
range 

POTR/AMAL-SPBE  (3) 
mean 
SE 
range 

POTR/AMAL-SYOR  (20) 
mean 
SE 
range 

POTR/AMAL-CARU  (5) 
mean 
SE 
range 

POTR/PAMY-CARU  (3) 
mean 
SE 
range 

POTR/PAMY-GEVI  (2) 
mean 
SE 
range 


25.5  91  17.7  16.5 

8.5  3  2.4  2.4 

16.8-34.4  88-94  14.9-20.1  13.7-18.9 

35.0  88  15.3  16.2 

1.1  24  0  1.5 

33.8-36.0  63-112  15.3-15.3  14.6-17.7 

37.2  95  18.3  16.8 

8.5  1  1.5  2.4 

26.2-54.2  94-96  14.9-19.8  14.0-18.3 


35.4 


41.8 


9/ 


115 


18.9 


26.5 


17.1 


21.9 


28.2  90            15.5  16.8 

1.6  6              0.9  0.9 
17.7-37.9  47-107  10.7-20.4  11.6-21.6 

29.4  94             19.2  18.3 

3.7  6              0.6  1.5 
21.8-33.1  83-100  18.3-19.8  16.2-21.3 

24.1  91             14.6  14.9 

1.4  4              0.6  0.6 

8.3-36.3  53-125  10.0-20.4  11.0-19.8 

32.4  72             13.7  14.9 

3.9  6              0.9  0.9 

19.1-42.7  52-87  10.7-16.2  12.2-17.1 

33.3  96             16.6  15.2 
0.9  10              2.4  1.8 

31.2-34.4  78-112  11.9-20.7  12.2-18.3 

29.6  98             14.9  14.3 

0.0  2              0.3  0.3 

29.6-29.6  96-100  14.6-15.2  14.0-14.6 


Site 

index 

Basal 

Stand 

Stand 

(at  80 

Community  type 

area 

age 

height 

years 

m2/ha 

Years 

Meters 

POTR/SPBE-CARU  (1) 

mean 

36.7 

106 

16.2 

14.0 

SE 

— 

— 

— 

— 

range 

— 

— 

— 

— 

POTR/SYOR-CARU(17) 

mean 

31.7 

85 

15.8 

15.5 

SE 

2.1 

4 

0.6 

0.6 

range 

19.7-47.3 

53-107 

9.8-20.7 

10.7-20 

POTR/SYOR-POPR  (5) 

mean 

35.4 

79 

15.2 

17.1 

SE 

3.2 

8 

0.6 

1.2 

range 

25.7-42.9 

49-94 

14.3-17.4 

13.7-1S 

POTR/SYOR-RUOC  (5) 

mean 

31.9 

96 

17.4 

16.8 

SE 

3.4 

9 

1.2 

1.8 

range 

25.0-44.5 

64-119 

14.0-20.7 

13.1-23 

POTR/GEVl  (1) 

mean 
SE 

37.7 

120 

19.8 

15.8 

range 

— 

— 

— 

— 

POTR/WYAM  (2) 

mean 

17.0 

71 

8.2 

9.4 

SE 

8.7 

8 

0.9 

1.2 

range 

8.3-25.7 

63-79 

7.3-9.1 

8.2-1 

POTR/CARU  (12) 

mean 

33.1 

93 

16.8 

16.4 

SE 

2.1 

3 

0.9 

o.e 

range 

14.0-42.5 

75-112 

11.6-21.0 

12.2-1 

POTR/CARU-POPR  (5) 

mean 

34.2 

88 

14.9 

14.; 

SE 

2.8 

8 

2.4 

1.5 

range 

25.9-41.8 

67-114 

10.1-22.9 

11.3-1 

POTR/POPR  (4) 

mean 

50.5 

95 

19.2 

18.5 

SE 

6.0 

10 

0.3 

1.J 

range 

38.6-64.3 

67-110 

18.3-20.1 

15.5-2 

POTR/RUOC  (3) 

mean 

24.3 

97 

16.8 

16! 

SE 

0.9 

4 

0.9 

0.! 

range 

23.2-26.4 

93-105 

15.5-18.6 

14.6-'i 

All  intensively 

sampled  stands  (114) 

mean 

31.0 

90 

15.8 

15.1 

SE 

0.9 

2 

0.3 

o.; 

range 

8.3-64.3 

52-125 

7.3-26.5 

8.2-2.  . 

Number  of  stands  sampled. 
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APPENDIX  C 


Means,  standard  errors  (SE) 
growth  as  livestock  forage 


and  ranges  of  total  dry  undergrowth  production,  composition  by  vegetation  classes,  and  suitability  of  the  under- 


Community  type 


POTR-ABLA/SYOR 
mean 
SE 
range 

POTR-ABLA/THFE 
mean 
SE 
range 

POTR-PSME/AMAL 
mean 
SE 
range 

POTR-PSME/SYOR 
mean 
SE 
range 

POTR-PSME/CARU 
mean 
SE 
range 

POTR-PICO/CARU 
mean 
SE 
range 

POTR/AMAL-PAMY 
mean 
SE 
range 

POTR/AMAL-SPBE 
mean 
SE 
range 

POTR/AMAL-SYOR 
mean 
SE 
range 

POTR/AMAL-CARU 
mean 
SE 
range 

POTR/PAMY-CARU 

mean 

SE 

range 

POTR/PAMY-GEVI 
mean 
SE 
range 


Composition 


Forage  suitability 


Total  production  Shrubs  Forbs        Graminoids        N2  Desirable    Intermediate       Least 

(Percent  of  total  production)  (Percent  of  total  canopy-cover) 


12 


20 


Lb/acre  Kg/ha 

402  (451) 

92  (103) 

310-494  (348-554) 


1.079  (1  210) 

307  (344) 

772-1.386  (865-1  554) 

934  (1  047) 

218  (244) 

558-1.313  (626-1  472) 


498 


707 


(558) 


(793) 


846  (948) 

98  (110) 

337-1.430  (378-1603) 

1.008  (1  130) 

146  (164) 

821-1.296  (920-1453) 

979  (1  097) 

75  (84) 

244-1.517  (274-1  701) 

1.035  (1  160) 

109  (122) 

738-1.333  (827-1494) 

639  (716) 

43  (48) 

591-724  (663-812) 

508  (569) 

47  (53) 

461-556  (517-623) 


14 

6 


67 

2 


7-20  65-70 


35 


25 


19 

4 
15-23 


35 

■17 

18 

15 

17 

2 

0-50 

30-65 

15-20 

3 

53 

44 

1 

15 

15 

15 

25-74 

25-73 

64 


74 


40 

31 

29 

4 

3 

4 

15-65 

20-50 

10-65 

58 

25 

17 

17 

6 

12 

>5-80 

15-35 

5-40 

16 

42 

42 

2 

3 

4 

3-40 

17-80 

8-75 

7 

42 

51 

3 

3 

4 

1-15 

38-52 

40-60 

20 

37 

4:5 

9 

6 

6 

5-35 

25-45 

35-55 

21 

65 

14 

•1 

10 

6 

17-25 

55-75 

8-20 

1(1 


25 


53 


20 


17 


54 


53 


50 


54 


6; 


73 


56 


48 


56 


57 


51 


51 


42 


47 


40 


■;>, 


37 


3i> 


37 


51 


.:i 


■;i 


34 


39 


10 


10 


10 


31 


Appendix  C  (con.) 


Composition 


Forage  suitability 


Community  type 


Total  production 


Shrubs 


Forbs        Graminoids 


(Percent  of  total  production) 


Desirable    Intermediate       Least 
(Percent  of  total  canopy-cover) 


POTR/SPBE-CARU  1 

mean 
SE 
range 

POTR/SYOR-CARU  17 

mean 
SE 
range 

POTR/SYOR-POPR  5 

mean 
SE 
range 

POTR/SYOR-RUOC  5 

mean 
SE 
range 

POTR/ARTR-FEID  0 

mean 
SE 
range 

POTR/GEVI  1 

mean 
SE 
range 

POTR/WYAM  2 

mean 
SE 
range 

POTR/CARU  12 

mean 
SE 
range 

POTR/CARU-POPR  5 

mean 
SE 
range 

POTR/POPR  4 

mean 
SE 
range 

POTR/RUOC  3 

mean 
SE 
range 

All  stands  114 

mean 
SE 
range 


Lb/acre  Kg/ha 

847  (949) 


1,138  (1  276) 

126  (141) 

468-2,047  (525-2  295) 

914  (1  025) 

103  (115) 

704-1,288  (789-1444) 

1,248  (1  399) 

230  (258) 

753-2,035  (844-2  281) 


797 


(893) 


?5 


(. 

1 

1-15 

5 
1 


8 

6 

1-30 


1,169  (1  310)  1 

121  (136)  0 

1,048-1,289  (1  175-1  445)  1-1 

867  (972)  2 

70  (78)  1 

469-1,270  (526-1  424)  0-10 

768  (861)  2 

139  (156)  1 

446-1,228  (500-1  377)  1-5 

859  (963)  1 

81  (91)  0 

649-1,023  (728-1  147)  1-1 

794  (890)  2 

218  (244)  1 

482-1,214  (540-1  361)  1-3 

937  (1  050)  13 

34  (38)  2 

244-2,047  (274-2  295)  0-80 


35 


74 


40 


49 

4 

28-85 

45 

4 

10-70 

45 

8 

17-63 

50 

8 

30-80 

71 

9 

40-90 

21 

5 

8-33 

25 


90 

6 
84-95 

9 

6 

4-15 

33 

6 

4-74 

66 

6 

25-95 

42 

9 

20-74 

56 

8 

25-75 

38 

6 

25-54 

61 

6 

45-74 

81 

4 

75-90 

17 

4 

8-22 

45 

2 

4-95 

42 

2 

3-95 

42 


15 


35 


13 


12 


53 


60 


41 


30 


47 


47 


30 


70 


55 


33 


48 


45 


37 


57 


38 


53 


48 


33 


30 


44 


64 


35 


32 


37 


17 


Number  of  intensively  sampled  stands  used  to  compute  production. 
Total  number  of  stands  used  to  determine  forage  suitability. 
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A  system  is  presented  for  classifying  aspen-dominated  vegetational 
communities  on  the  Caribou  and  Targhee  National  Forests  in  south- 
eastern Idaho.  A  diagnostic  key  utilizing  indicator  plant  species  is  pro- 
vided for  field  identification  of  23  community  types.  Tables  are  provided 
for  detailed  comparison  of  vegetational  composition,  productivity,  and 
probable  successional  status. 
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The  Intermountain  Station,  headquartered  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  231  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana 
State  University) 

Logan,   Utah   (in  cooperation   with   Utah   State 
University) 

Missoula,    Montana    (in    cooperation    with    the 
University  of  Montana) 

Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young 
University) 

Reno,  Nevada  (in  cooperation  with  the  University 
of  Nevada) 


United  States 
Department  of 
Agriculture 

Forest  Service 

Intermountain 
Forest  and  Range 
Experiment  Station 
Ogden,  UT  84401 

Research  Paper 
INT-295 

July  1982 


u4s 


Ecological 
Adaptations 
in  Douglas-fir 
Populations.  II. 
Western  Montana 


Gerald  E.  Rehfeldt 


..•  vj 


/-' 


I    %> 


THE  AUTHOR 

GERALD  E.  REHFELDT  is  a  plant  geneticist  at  the 
Forestry  Sciences  Laboratory,  Moscow,  Idaho.  His 
research  includes  studies  of  the  ecological  genetics  of 
Northern  Rocky  Mountain  conifers,  primarily  Douglas-fir. 


RESEARCH  SUMMARY 

Seedlings  from  50  populations  of  Douglas-fir 
(Pseudotsuga  menziesii  var.  glauca)  from  Montana  west  of 
the  Continental  Divide  were  compared  in  nursery, 
laboratory,  and  shadehouse  studies.  Analyses  of  variance 
indicated  significant  differences  among  populations  in  six 
traits:  bud  burst,  bud  set,  3-year  height,  growth  rate,  cold 
injury,  and  flushing  periods  during  the  first  or  third 
growing  season.  Most  traits  were  highly  intercorrelated; 
thus,  populations  that  expressed  a  high  growth  potential 
also  set  buds  late,  flushed  twice,  grew  at  a  rapid  rate,  but 
were  most  severly  injured  by  freezing.  Consequently, 
adaptation  of  populations  for  numerous  traits  is  viewed 
as  a  balance  between  selection  of  high  growth  potential 
in  relatively  mild  environments  and  selection  for  cold 
hardiness  in  severe  environments. 

Multiple  regression  analyses  related  genetic  differ- 
entation  of  populations  to  geographic  and  ecologic  condi- 
tions of  the  seed  source.  The  regression  model  that  best 
fit  the  data  described  adaptive  variation  according  to  two 
physiographic  zones,  elevation  within  each  zone,  and 
latitude  within  zones.  Patterns  of  adaptive  differentiation 
were  used  to  develop  seed  transfer  guidelines  for  refores- 
tation and  tree  improvement. 
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Ecological 
Adaptations 
in  Douglas-fir 
Populations.  II. 
Western  Montana 


JTRODUCTION 

Genetic  differentiation  among  populations  of  Douglas- 
l;  (Pseudotsuga  menziesii)  is  closely  related  to  the 
ijivironment.  In  the  coastal  variety  (Pseudotsuga 
jenziesii  var.  menziesii),  genetic  variation  within  a  single 
ijainage  was  clearly  related  to  elevation  and  topographic 
jtting  (Campbell  1979;  Campbell  and  Franklin  1981).  For 
l.e  Rocky  Mountain  variety  (Pseudotsuga  menziesii  var. 
tauca),  the  growth  potential  and  cold  hardiness  of 
|:>pulations  depends  on  geographic  origin:  populations 
bm  northern  Idaho  tend  to  be  faster  growing  and  less 
lirdy  than  those  from  western  Montana  which,  in  turn, 
;e  faster  growing  and  less  hardy  than  populations  from 
southern  Idaho  (Rehfeldt  1979b).  Within  northern  Idaho 
cpne,  differences  among  populations  are  closely  related 
1  the  elevation,  latitude,  and  longitude  at  the  seed  origin 
(jshfeldt  1979a). 

The  main  objective  of  the  present  study  is  to  describe 
r.tterns  of  genetic  variation  among  Douglas-fir  popu- 
lions  from  Montana  west  of  the  Continental  Divide  (fig. 
^  The  study  excludes  the  extreme  northwest  portion  of 
tb  area  which  presents  patterns  of  environmental  varia- 
t»n  (Pfister  and  others  1977)  and  genetic  differentiation 
(ahfeldt  1979a, b)  that  are  similar  to  those  of  northern 
laho.  Patterns  of  variation  will  be  used  to:  (1)  develop 
cidelines  for  the  transfer  of  seeds  that  should  limit 
raladaptation  in  reforestation,  and  (2)  delineate  the 
Ceding  zones  within  which  genetic  gains  from  tree  im- 
pvement  will  accrue. 

Western  Montana  (fig.  1),  a  region  of  diverse  montane 
evironments,  is  separated  from  contiguous  areas  by  the 
dntinental  Divide  on  the  east  and  south,  the  Cabinet 
ed  Bitterroot  Mountains  on  the  west,  and  a  political 
tundary  to  the  north.  Within  this  region,  climatic,  physio- 
ciphic  and  ecologic  conditions  follow  a  well-described 
fttern  from  the  west  and  northwest  toward  the  Conti- 
rntal  Divide  (Pfister  and  others  1977).  Remnants  of  a 


maritime  climate  in  the  northwest  are  gradually  lost  as 
the  general  climate  becomes  continental.  The  elevation  of 
valley  floors  increases  from  about  2,000  ft  to  4,000  ft 
(600  m  to  1  200  m).  Concomitant  changes  in  the  frequency 
of  particular  habitat  types  largely  reflect  a  gradual 
decrease  in  species  most  common  in  moist  environments. 
Finally,  effects  of  topography  are  superimposed  on 
general  environmental  trends  to  produce  the  extreme 
environmental  heterogeneity  that  character!  egion. 

And  within  this  region,  Douglas-fir  occupies  a  range  of 
sites  from  the  relatively  warm,  near  lower  timberlme.  to 
relatively  cold  subalpine  environments  above  6.500  ft 
(2  000  m)  elevation  (Pfister  and  others  1977). 


MATERIALS  AND  METHODS 

To  assess  population  differentiation,  coi 
collect  ral  squir  s  in  each  of  50 

itions  frc  I).  Populations, 

selected  to  re:  t  the 

species  within  much 

as  4,300  ft  (1  300  n  sented  habitats  (Pfister  and 

others  1977)  as  dry  and  warm  as  the  Pseudotsuga 
menziesii/Agropyrc  im,  as  cool  as  the  Abies 

lasiocarpa/Vaccin 

plicata/Clintoma  uniflora  habitat  types.  In  addition  to 
populations  from  western  Montana,  some  populations 
adjacent  geographic  provii  included 

es  of  (1)  growth  potential  ani 
(2)  cold  hardin  I  oot 

lation  Data  from  ere  used  to  as 

ation. 

Growth  and  Phenology 

from  54  populate  .vn  for  1 

plastic  tubes  (4  in3.  65  cm3)  in  a  shadehous 
Idaho.  In  autumn  of  the  first  gro 


were  transplanted  into  six  environments  (table  1)  on  the 
Priest  River  Experimental  Forest  in  northern  Idaho  (fig.  1). 
While  two  plantings  were  in  a  nursery,  four  were  estab- 
lished on  various  forest  sites.  Although  plantings  on  these 
four  sites  were  made  in  the  residual  soil,  rocks,  roots,  and 
competing  vegetation  had  been  removed  before  tilling.  All 
plantings  received  natural  precipitation.  Twelve  seedlings 
from  each  population  were  planted  in  row  plots  in  each  of 
two  replicates  in  all  environments.  Rows  were  separated 
by  4  in  (10  cm);  3  in  (8  cm)  separated  seedlings  within 
rows. 

Growth  potential  and  phenology  of  seedlings  was 
assessed  from  the  following  scores  and  measurements 
obtained  for  each  population  in  all  replicates: 

1.  Bud  burst:  the  day  after  April  1  by  which  50  percent 
of  the  seedlings  had  burst  terminal  buds  during  the 
third  growing  season. 

2.  Bud  set:  the  week  by  which  50  percent  of  the 
seedlings  had  set  terminal  buds  during  the  third 
growing  season. 

3.  Two  flushes:  the  proportion  of  seedlings  that 
flushed  more  than  once  during  the  third  growing 
season. 

4.  Height:  average  seedling  height  after  3  years. 

5.  Growth  rate:  deviation  from  regression  of  3-year 
height  on  2-year  height;  an  index  to  the  rate  of 
growth  from  a  constant  height  at  age  2. 

Population  differentiation  was  assessed  from  the  model 
of  random  effects: 

V  =  m  +  P,  +  e,  +  r,k  +  9ij  +  d„k 

where  Yljk  is  the  performance  of  population  i  in  replicate  k 
of  environment  /;  M  is  the  overall  mean;  p,  is  the  effect  of 
population  /;  ef  is  the  effect  of  environment  /';  gtj  is  the 
interaction  of  population  /'  in  environment  /;  and  d^  is  the 
residual  variation.  While  most  analyses  were  made  on  the 
original  variables,  proportions  were  transformed  to  arcsin 
/  X    and  bud  set  was  transformed  to  \f  X  +   V2.  J 

Cold  Hardiness 

Tolerance  to  freezing  was  studied  with  50  seedlings 
from  each  of  58  populations  that  had  been  growing  for  2 
years  in  plastic  containers  (9  in3;  150  cm3)  in  a  shade- 
house  at  Moscow,  Idaho.  In  general  accordance  with  pro- 
cedures outlined  by  Levitt  (1972),  freezing  tests  were  made 
to  assess  hardiness  of  each  population  in  mid-September 
when  first  autumnal  frosts  can  be  expected.  This  single 
date  was  chosen  because  northern  Idaho  populations 
expressed  greatest  differentiation  in  cold  hardiness  after 
bud  set  but  prior  to  the  first  frost  of  autumn  and  because 
previous  tests  indicated  that  the  ranking  of  populations 
according  to  hardiness  did  not  change  in  subsequent 
sampling  dates  (Rehfeldt  1979d). 

Terminal  shoots  from  each  of  the  58  populations  were 
cut  and  arranged  into  5  sets  of  10  shoots  (3  in;  8  cm 
long).  Each  set  was  moistened,  packaged  in  a  plastic  bag, 
and  stored  overnight  at  37°  F  (3°  C).  The  following 
morning,  plastic  bags  were  suspended  in  a  freezing 
chamber  equipped  with  two  fans  for  providing  circulation. 
One  set  of  shoots  from  each  population  was  frozen  at  the 
rate  of  9°  F  (5°  C)/h  to  one  of  five  test  temperatures 


between  7°  F  and  0°  F  (- 14°  C  and  -  18°  C).  While 
within  the  plastic  bags,  shoots  were  removed  from  the 
freezer  when  remote  temperature  sensors  indicated  that 
internal  air  temperatures  had  reached  desired  levels,  wen 
thawed  for  24  h  at  37°  F  (3°  C),  and  were  placed  on  a 
shaded  greenhouse  bench.  After  2  days,  the  presence  or 
absence  of  injury  to  each  shoot  was  scored  by 
discoloration  of  leaves.  For  each  population,  the  number 
of  seedlings  exhibiting  leaf  injury  was  recorded  for  each 
test  temperature. 

Differentiation  of  populations  was  assessed  by  an 
analysis  of  variance  of  random  effects  on  the  percentage 
of  shoots  of  each  population  exhibiting  injury  at  each  tes 
temperature: 


Y 


M 


Pi  +  h  +  9h 


+  e 


where  Y tj  is  the  percentage  of  twigs  injured  from 
population  /  at  temperature  /';  ^  is  the  overall  mean;  p;  is 
the  effect  of  population  /';  t  is  the  effect  of  temperature/'; 
gH  is  the  interaction  of  population  i  at  temperature  /;  and 
e  is  the  theoretical  variance  of  an  observation  in  a 
binomial  distribution  (Steele  and  Torrie  1960).  Percentage 
were  transformed  to  arcsin  \/  x   before  analyses  were 
made. 

Patterns  of  First-Year  Growth 

Douglas-fir  seedlings  exhibit  contrasting  patterns  of 
growth  during  the  first  growing  season  (Rehfeldt  1979c). 
For  essentially  all  seedlings  from  western  Montana,  a 
terminal  bud  is  set  about  1  month  after  germination.  But, 
only  a  portion  of  these  seedlings  burst  bud  and  resume 
growth  in  late  July  or  August.  To  test  for  differences 
among  Montana  populations  in  patterns  of  first-year 
elongation,  30  to  40  seedlings  from  50  populations  were 
grown  in  plastic  containers  (4  in3;  65  cm3)  in  each  of  four 
replicates.  The  proportion  of  seedlings  that  exhibited  a 
single  growth  period  was  recorded  for  each  population  in 
all  replicates.  Proportions  were  transformed  (arcsin  V  X) 
before  statistical  analyses  that  followed  a  model  identica 
to  that  used  for  freezing  tolerance. 

Patterns  of  Variation 

Data  from  the  separate  studies  were  used  to  assess 
differentiation  in  relation  to  geographic  and  ecologic 
criteria  of  the  seed  sources  according  to  the  general 
model: 
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b2Xl2.. 


bn  Xin 


where  V,  is  the  mean  performance  of  population  /;  b's  are 
regression  coefficients;  and  X's  are  various  independent 
variables  (table  2).  Qualitative  independent  variables  were 
included  in  the  model  by  fitting  constants,  values  of  zero 
or  one  (Draper  and  Smith  1966).  Of  the  independent 
variables,  habitat  types  included  five  major  series  on 
which  Douglas-fir  is  common  (Pfister  and  others  1977); 
Idaho  departure  is  distance  from  the  State  line;  and 
northwest  departure  is  an  imaginary  grid  distance  from 
northwest  to  southwest  through  western  Montana. 


Table  1.  —  Trait  means  according  to  environment 


Bud 

Bud 

Environment 

burst 

set 

Nursery  shade.  730  m 

33.4 

2.9 

Nursery  sun 

730  m 

31.7 

5  :. 

Reservoir,  790  m 

31.4 

5  4 

M-2  Road.  1 

100  m 

358 

North  Ridge 

west,  1  520 

m 

608 

North  Ridge 

east.  1  580 

m 

66.3 

Trait 


Two 

Growth 

flushes 

Height 

rate' 

12.6 

10.6 

'Deviation  in 
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regions  showing  location 


For  all  regression  models,  residuals  from  regression 
were  examined  visually  in  relation  to  observed  and 
predicted  values  to  assess  homogeniety  of  error  variances 
and  the  fit  of  data  to  regression  models  (Draper  and 
Smith  1966).  Thus,  seven  regression  models  were  fitted  to 
the  data  (table  2).  Adequacy  of  a  model  was  judged 
according  to  the  goodness  of  fit  (R2),  residual  variance 
(s     x),  and  geographic  or  ecologic  patterns  displayed  by 
residuals. 

RESULTS 

Six  environments  exerted  considerable  influence  on  the 
growth  and  phenology  of  seedlings  (tables  1  and  3).  Most 
of  this  influence  was  directly  related  to  elevation.  As 
compared  to  seedlings  growing  in  the  nursery  at  low 
elevation,  seedlings  growing  at  high  elevations  on  North 
Ridge  burst  bud  about  4  weeks  later,  set  buds  about  6 
weeks  later,  grew  at  a  slower  rate  (negative  deviation  from 
regression),  and,  consequently,  were  about  3  in  (7.5  cm) 
smaller.  Only  the  proportion  of  seedlings  that  flushed 
twice  seemed  to  be  independent  of  elevation,  but  perhaps 
not  independent  of  shade.  The  two  environments  with  the 
lowest  proportion  of  seedlings  that  flushed  twice  included 

Table  2. — Independent  variables  included  in  various  models  for 
relating  population  differentiation  to  geographic  and 
ecologic  conditions  of  the  seed  source 


Independent 
variable 


Variables  included  in  model: 
2  3  4  5  6 


Latitude 
Longitude 
Habitat  types 
Elevation 

Northwest  departure 
Idaho  departure 
Three  major 

drainages 
Elevation  within 

drainages 
East  and  west 

physiographic 

zones 
Elevation  within 

zones 
Northwest  departure 

in  zones 
Latitude  in  zones 


the  nursery  that  received  50  percent  shade  and  M-2  Roa 
that  received  afternoon  shade. 

Populations  differed  greatly  in  phenology  and  growth 
potential  (table  3).  In  the  average  environment, 
populations  from  western  Montana  differed  by  as  much 
as  6  days  in  bud  burst,  6.2  weeks  in  bud  set,  53  percent 
seedlings  that  flushed  twice,  2.7  in  (7  cm)  in  height,  and 
1.2  in  (3  cm)  in  growth  rate  (third-year  growth  from  a 
constant  height  at  age  2).  In  addition,  populations 
performed  essentially  the  same  in  all  environments. 
Interactions  of  genotype  and  environment  were  detectec 
for  only  bud  burst  and  height.  While  accounting  for  little 
variance,  these  interactions,  like  those  detected  for  nort 
Idaho  populations  (Rehfeldt  1979a),  resulted  from  mean 
differences  not  associated  with  changes  in  the  ranking 
populations. 

Laboratory  studies  of  freezing  tolerance  revealed 
significant  differences  among  58  populations  (table  4A). 
Even  though  test  temperatures  spanned  only  9°  F  (5°  C) 
percentage  of  injury  to  all  twigs  ranged  from  19  percent 
7°  F(-14°C)  to  75  percent  at  0°  F(-18°C).  Across  th 
range  of  temperatures,  mean  injury  to  populations  from 
western  Montana  ranged  from  16  to  69  percent. 

Shadehouse  studies  of  the  pattern  of  first-year 
elongation  revealed  significant  differences  among  popu 
tions  in  the  proportion  of  seedlings  that  exhibited  a  sin< 
growth  period  (table  4B).  Mean  values  for  Montana  popi 
lations  ranged  from  24  to  74  percent. 

Table  4. — Analyses  of  variance  for  freezing  injury  (A)  and  one 
period  of  growth  (B) 


Degrees 

Mean 

Source  of  variance 

of  freedom 

square 

A.  Freezing  injury 

Temperatures 

4 

6.2206* 

Populations 

57 

.1230* 

Temperature  x  Population 

228 

.0424 

Sampling  error' 

— 

.0250 

B.  One  period  of  growth 

Replication 

3 

0.0478* 

Populations 

49 

.0499* 

Replication  x  Population 

147 

.0155 

Sampling  error1 

— 

.0148 

'Theoretical  variance  of  a  binomial  distribution. 
'  "Statistical  significance  at  the  0.01  level  of  probability. 


Table  3— Mean  squares  from  analyses  of  variance  for  population  performance  in  nursery  environments 


Source  of  variation 

Degrees  of  freedom 

Bud  burst 

Bud  set 

Two  flushes 

Height 

Growth  i 

Environments 

5 

27,290.59" 

38.400" 

1.9907" 

1097.39" 

84.64' 

Reps/environment 

6 

10.22** 

1.079" 

0.2538" 

23.25" 

21.33' 

Populations 

53 

20.54" 

1.499" 

.3116" 

95.51 '  * 

6.43' 

Pops,  x  environment 

265 

1.78 

0.312* 

.0433 

5.36" 

1.53 

Residual 

318 

1.92 

.247 

.0447 

2.07 

1.57 

'Deviation  from  regression  of  3-year  height  on  2-year  height. 
"Significant  at  the  0.01  level  of  probability. 
'Significant  at  the  0.05  level  of  probability. 


Variation  in  growth,  phenology,  cold  hardiness,  and 
first-year  flushing  of  western  Montana  populations  formed 
an  intercorrelated  network  of  traits  to  which  only  bud 
burst  was  unrelated  (table  5).  This  network,  like  that  for 
northern  Idaho  populations  (Rehfeldt  1979a).  seems  keyed 
to  adaptation  to  the  cold.  Populations  that  set  buds  early 
were  also  characterized  by  a  low  proportion  of  seedlings 
that  flushed  twice,  a  low  growth  rate,  a  short  height,  but  a 
high  tolerance  to  freezing. 

Because  of  strong  intercorrelations,  results  of  the 
series  of  regression  analyses  (table  6)  showed  similar 
patterns  for  all  traits.  In  general,  the  sequence  of 
regression  models  shows  an  increase  in  values  of  R2  and 
a  decrease  in  residual  variances.  Regression  model  1 
(table  2)  indicated  that  (1)  genetic  variation  was  related  to 
elevation:  (2)  geographic  patterns  of  variation  followed  a 
grid  that  was  oblique  to  latitude  and  longitude:  and  (3) 
habitat  types  were  related  to  neither  dependent  nor  inde- 
pendent variables.  A  lack  of  association  between  habitat 
types  and  genetic  variation  in  western  Montana  cor- 
responds with  results  for  Douglas-fir  populations  from 
northern  Idaho  (Rehfeldt  1979a)  and  for  Pinus  ponderosa 
from  southern  Idaho  (Rehfeldt  1980). 


Residuals  from  model  2  suggested  that  geogi 
patterns  of  vai  mtinuous  at  40  to  60  i 

to  100  km)  from  the  Idaho  state  line,  a  boundary  that 
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Table  5.  —  Matrix  of  simple  correlation  coefficients  ar 


means 


BS 


TWF 


H 


Bud  burst  (BB) 
'Bud  set  (BS) 
(Two  flushes  (TWF) 
Height  (H) 
Growth  rate(GR) 
One  period  (OP) 
Freezing  injury  (FZ) 


•0.13 


-0.22 
.91' 


0.12 
.72' 
.61' 


GR 

OP 

0.02 

0.21 

49" 

-.45 

54" 

25 

FZ 

0.05 
.49' 

.40' 


'Statistical  significance  at  the  0.05  level  of  probability 
'  'Statistical  significance  at  the  0.01  level  of  probability 


Table  6.  —  Results  of  several  multiple  regression  models  (table  2)  for  rei  ation  to  geographic  and  ecologic  conditions  of  the 

seed  source 


Regres- 

Bud burst 

Bud  set 

Two  flushes 

R2      v* 

H 

Ft- 

eight 
sy-x 

Grow 

R- 

th  rate 
sy.x 

One 

R- 
0.12 

period 
sy.x 

Cold  hardiness 

sion 
model 

R- 

sy.x 

P- 

sy.x 

R2 

'yx 

i 

0.26" 

1.021 

0.30 

0.2435 

0.32" 

0.1044 

0  60" 

1.138 

0.11 

05500 

0.0980 

0  23"       0 

2 

.30" 

.991 

.38" 

.2299 

.38" 

.1003 

.61" 

1  127 

.10 

5534 

13 

3 

.23 

1.039 

.42" 

.2225 

.45" 

.0939 

.58" 

1  167 

10 

12 

.31" 

4 

.31" 

1.011 

.48" 

.2146 

.50" 

.0916 

59" 

.27' 

17 

.37" 

1121 

5 

.23" 

1.011 

.46" 

.2166 

.49" 

.0917 

.68" 

1.031 

.5355 

0984 

.34" 

6 

.32" 

1.005 

.49" 

.2126 

.51" 

0909 

.70" 

1.006 

21 

.5300 

18 

0970 

35" 

7 

.32" 

1.003 

.52" 

.2071 

.52" 

.0900 

.72" 

978 

0964 

35" 

1131 

"Statistical  significance  at  the  0.05  level  of  probability. 
"Statistical  significance  at  the  0.01  level  of  probability 


intercorreiations  among  dependent  variables,  similar 
results  of  regression  models  (fig.  2)  were  expected  for  bud 
set,  two  flushes,  height,  growth  rate,  and  freezing  injury. 
But  the  same  model  was  also  effective  for  bud  burst 
largely  because  of  strong  effects  of  latitude  and  elevation 
within  the  western  zone.  Similarly,  elevation  within  the 
western  zone  was  the  only  independent  variable 
significantly  associated  with  the  proportion  of  seedlings 
that  displayed  one  growth  period.  Consequently,  results  of 
the  multiple  regression  for  the  latter  variable  are 
presented  even  though  the  entire  model  was  not 
significant. 

The  regression  models  generally  depict:  (1)  decreasing 
growth  potential  and  increasing  hardiness  of  populations 
in  association  with  increasing  elevation  of  the  seed  origin; 

(2)  greater  growth  potential  but  lesser  hardiness  of 
populations  in  the  western  zone  than  in  the  eastern  zone; 

(3)  effects  of  elevation  on  genetic  differentiation  that  are 
generally  stronger  in  the  western  zone  than  in  the  eastern 
zone;  and  (4)  effects  of  latitude  in  the  west  that  are  the 
reverse  of  those  in  the  east.  Thus,  at  a  constant  elevation, 
hardiness  of  populations  increases  while  growth  potential 
decreases  northward  through  the  western  zone  and  then 
southward  through  the  eastern  zone.  Thereby,  genetic 
differentiation  in  populations  from  different  physiographic 
zones  is  greater  in  the  southern  portion  of  western 
Montana  that  in  the  northern  portion. 

Finally,  since  nursery  and  laboratory  studies  included  a 
few  populations  from  geographic  regions  adjacent  to 
western  Montana,  geographic  variation  can  be  assessed 
further.  As  noted  previously  (Wright  and  others  1971; 


Rehfeldt  1979b),  populations  from  northern  Idaho  exprej 
greater  growth  potential  but  lesser  hardiness  than 
western  Montana  populations  from  comparable  elevatio 
(table  7).  In  addition,  populations  from  the  severe 
environments  of  central  Montana  and  central  Idaho 
express  an  extremely  low  growth  potential  but  high 
hardiness. 

DISCUSSION 

By  illustrating  strong  geographic  and  ecologic  patterr 
in  genetic  differentiation,  the  present  results  further 
exemplify  intense  physiological  attunement  of  Douglas-1 
populations  to  their  environment.  Adaptation  of  popula- 
tions is  readily  interpreted  as  a  balance  between  selecti 
of  high  growth  potential  in  mild  environments  and  selec 
tion  for  cold  hardiness  in  severe  environments.  Montana 
populations,  like  those  from  northern  Idaho,  were  readily 
differentiated  by  a  network  of  intercorrelated  traits: 
populations  of  high  growth  potential  were  tall,  set  buds 
late,  grew  at  a  rapid  rate,  expressed  pronounced  tenden 
cies  for  multiple  flushing,  but  suffered  the  most  injury 
from  freezing.  Accordingly,  as  compared  to  populations 
from  western  Montana,  those  from  northern  Idaho  ex- 
pressed adaptations  to  a  milder  climate;  and  those  frorr 
southern  Idaho  and  central  Montana  expressed  adapta- 
tions to  a  more  severe  climate. 

In  addition,  patterns  of  genetic  variation  depicted  by 
multiple  regression  models  seem  uniquely  suited  to  the 
climate  and  physiography  of  western  Montana.  A  westei 
physiographic  zone  contained  populations  of  higher 
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Figure  2 —Results  of  multiple  regression  model  7  (table  2)  depicting  the  predicted 
performance  (ordinate)  in  relation  to  the  latitude  (abscissa),  geographic  zone  (E  = 
eastern,  W  =  western),  and  the  elevation  (1  000  m  or  2  000  m)  of  the  seed  source. 


Table  7.—  Average  deviation  in  performance  of  populations  from 
populations  at  comparable  elevations 


Geographic  area 


Northern  Idaho 
Central  Idaho 
Central  Montana 


Sample 
populations 


Bud 
burst 


Bud 

set 


Two 
flushes 


Height 


Growth 
rate 


One 
period 


Freezing 
injury 


Number 

Days 

3 

-0.6 

I  9 

6.3 

5.6 

3 

-2.2 

5.2 

1 

-2.0 

11.9 

growth  potential  and  lesser  hardiness  than  populations 
from  similar  elevations  and  latitudes  in  an  eastern  zone. 
The  boundary  between  eastern  and  western  zones  g< 
ally  follows  the  crest  of  the  Sapphire  Mountains 
separate  the  Bitterroot  Drainage  from  the  eastern 
Fork,  and  includes  the  Jocko  Range  and  the  Cai 
Mountains,  which  separate  the  Flathead  Drainage  from 
the  western  Clark  Fork  (fig.  1).  Moreover,  a  climate  with 
considerable  maritime  influence  in  the  west  and  north- 
west becomes  decidedly  more  continental  as  the  Conti- 
nental Divide  is  approached;  this  climatic  pattern  is 
reflected  in  the  distribution  of  plant  communities  (Pfister 
and  others  1977;  Arno  1979).  Consequently,  it  is  appro- 
priate for  Douglas-fir  populations  from  the  western  zone 
to  express  adaptations  to  a  milder  climate  than  popula- 
tions from  the  eastern  zone. 

For  genetic  variation  to  be  related  to  elevation  of  the 
seed  source  is  not  surprising:  growing  seasons  generally 
decrease  with  increasing  altitude;  an  intercorrelated 
network  of  traits  is  keyed  to  adaptations  to  the  cold;  and 
for  both  Oregon  (Campbell  and  Sorensen  1978;  Campbell 
1979)  and  northern  Idaho  (Rehfeldt  1979a)  populations, 
genetic  variation  has  been  related  to  elevation.  However. 
the  strength  of  the  relationship  between  differentiation 
and  elevation  depended  on  the  physiographic  zone.  For 
instance,  in  the  western  zone.  3-year  height  of  populations 
decreased  by  about  26  percent  over  an  elevational  dif- 
ference among  seed  sources  of  3,280  ft  (1  000  m).  The 
corresponding  decrease  for  the  eastern  zone  amount' 
about  14  percent  while  that  for  the  northern  Idaho 
populations  was  about  28  percent  (Rehfeldt  1979a).  T 
in  areas  where  climatic  gradients  in  altitude  should  be  the 
steepest,  the  strongest  associations  between  difl 
tion  and  elevation  were  apparent.  Near  the  Continental 
Divide,  the  difference  in  environmental  severity  be 
high  and  low  elevations,  judged  by  the  distributi 
habitat  types  (Pfister  and  others  1976).  is  the 
clinal  gradients  are  relatively  flat. 

In  the  Northern  Hemisphere,  populations  of 
plants  from  southern  latitudes  generally  show  hi 
growth  rates  and  lesser  hardiness  than  populations  I 
northern  latitudes.  Thus,  differentiation  among  D 
populations  in  northern  Idaho  (Rehfeldt  1979a)  and  in 
Montana's  western  physiographic  zone  follow* 
pected  trend  even  though  the  latitudinal 
small  (3.5  degrees).  However,  patten 
entiation  in  the  eastern  physiograph 
contrasting  pattern:  northern  populations  were  of  the 
highest  growth  potential  and  lowest  hard 
patterns  of  latitudinal  differentiation  in  the  ea: 
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Regression  models  accounted  for  only  a  portion  of  the 
variance  among  populations.  However,  a  fit  of 
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it  independent  variabi  ssed.  High 
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Table  8. — Geographic  and  elevational  distances  associated  with  mean  differences  among  seed  sources  that  correspond  to  a  significance 
level  of  80  percent 


Trait 


Western  zone 


Eastern  zone 


Elevation 


Latitude 


Elevation 


Latitude 


Bud  burst 
Bud  set 
Two  flushes 
Height 
Growth  rate 
One  period 
Freezing  injury 


Meters 


Degrees 


km 


Meters 


Degrees 


km 


474 

0.8 

94 

2  567 

2.5 

296 

422 

1.9 

222 

1  195 

2.3 

266 

359 

1.5 

171 

708 

3.8 

448 

278 

11.4 

1  337 

656 

1.3 

149 

782 

20 

234 

6  578 

2.0 

229 

586 

11.5 

1  350 

9  928 

3.5 

414 

1  924 

7.4 

866 

1  001 

3.9 

460 
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zone,  and  latitude  within  zones. 
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The  Intermountain  Station,  headquarted  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  231  million  acres,  or  85  percent,  of  the  land  area  in 
the  Station  territory  are  classified  as  forest  and  rangeland. 
These  lands  include  grasslands,  deserts,  shrublands,  alpine 
areas,  and  well-stocked  forests.  They  supply  fiber  for 
forest  industries;  minerals  for  energy  and  industrial 
development;  and  water  for  domestic  and  industrial  con- 
sumption. They  also  provide  recreation  opportunities  for 
millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 

Bozeman,     Montana     (in     cooperation     with 
Montana  State  University) 

Logan,  Utah  (in  cooperation  with  Utah  State 
University) 

Missoula,  Montana  (in  cooperation  with  the 
University  of  Montana) 

Moscow,     Idaho    (in    cooperation    with    the 
University  of  Idaho) 

Provo,    Utah    (in   cooperation   with    Brigham 
Young  University) 

Reno,  Nevada  (in  cooperation  with  the  Univer- 
sity of  Nevada) 
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RESEARCH  SUMMARY 

Western  redcedar  is  one  of  the  most  important 
commercial  species  in  the  Northern  Rocky  Mountains. 
The  species  usually  responds  well  to  release,  but  the 
response  often  varies  tremendously,  depending  on  site 
and  tree  characteristics.  Therefore,  this  study  was 
implemented  to  identify  the  site,  stand,  and  tree 
characteristics  associated  with  the  release  response  of 
western  redcedar.  Because  no  untreated  stands  were 
available  to  compare  to  the  treated  stands,  a  diameter 
increment  model  was  developed  and  used  in  the  analysis. 

Western  redcedar  appeared  to  best  respond  to  release 
from  overhead  and  surrounding  competition  on  northerly 
aspects.  In  contrast,  the  poorest  response  to  release 
occurred  on  southerly  aspects.  After  release  the  species 
showed  the  best  growth  in  the  Thuja  plicata/Pachistima 
myrsinites  habitat  type  and  the  poorest  growth  on  the 
Tsuga  heterophylla/Pachistima  myrsinites  habitat  type. 

The  larger  the  tree  was  at  the  time  of  release  the  better 
it  responded  to  release.  In  contrast,  the  older  the  tree  was 
at  the  time  of  release  the  poorer  the  response  it  had  to 
the  treatment. 

Soil  characteristics  were  also  associated  with  the 
release  response  of  western  redcedar.  Trees  growing  on 
soils  with  high  pH's  showed  the  poorest  responses  to 
release.  Also,  trees  growing  on  soils  with  large  amounts 
of  total  nitrogen,  iron,  and  copper  showed  poorer  re- 
sponses to  release,  whereas  soils  with  larger  amounts  of 
nitrate,  ammonium,  sulfate,  and  potassium  supported  the 
trees  that  showed  the  better  growth  rates  after  release. 

In  addition,  foliage  characteristics  of  western  redcedar 
were  associated  with  the  diameter  increment  response  of 
the  species  to  release.  Trees  with  the  larger  amounts  of 
foliar  phosphorus  and  manganese  had  better  growth  rates 
after  release  than  trees  with  smaller  amounts  of  these 
nutrients.  Trees  with  larger  amounts  of  foliar  sulfur,  iron, 
sodium,  and  potassium  had  poorer  growth  rates  after 
release  compared  to  trees  with  smaller  amounts  of  these 
nutrients. 

Foliage  color  was  related  to  the  response  of  western 
redcedar  to  release.  Trees  with  green-yellow  colored 
foliage  showed  a  better  response  to  release  than  trees 
with  greenish  green-yellow  foliage.  Also,  foliage  color 
indicated  the  nutrient  content  of  the  foliage;  mean 
nutrient  content  differed  among  12  different  colors. 

The  results  of  this  study  show  that  western  redcedar 
will  respond  favorably  to  release  from  overhead  and  sur- 
rounding competition.  The  site  and  tree  characteristics 
that  are  related  to  the  release  response  may  be  used  to 
help  design  treatment  alternatives  for  releasing  stands  of 
western  redcedar. 
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ITRODUCTION 

Vestern  redcedar  (Thuja  plicata  Dorm.),  occupying 
jroximately  330,000  acres  (133  500  hectares),  with  a 
il  live  volume  of  10  billion  board  feel  (Bolsinger 
79).  is  one  of  the  more  important  commercial  species 
:he  Northern  Rocky  Mountains.  The  natural  durabil- 
and  good  wood  working  properties  ol  western  red- 
lar  make  it  desirable  for  use  by  the  building  indus- 
.  Because  of  its  natural  resistance  to  decay,  western 
cedar  is  ideally  suited  lor  use  as  posts,  poles,  shakes. 
ngles,  and  lor  siding.  In  recent  years  the  demand  for 
it  products  and  lumber  has  caused  large  price  in- 
ases  for  western  redcedar.  In  western  Washington 
1  northwestern  Oregon,  western  redcedar  log  prices 
reased  from  $57.30  per  thousand  board  feci  in  1965 
$320.80  per  thousand  board  feel  in  1977  (Bolsinger 
79)  and  continued  to  show  an  increase  in  currenl 
rkets.  Of  the  estimated  950  million  board  feel  ol 
stern  redcedar  harvested  between   1973  and   1(>79. 
jpercent  consisted  of  trees  that  were  21  inches  (53.3 
)  diameter  at  breast  height  and  larger  (Bolsinger 
79). 

Western  redcedar  in  the  Northern  Rocky  Mountains 
Hvs  on  many  different  sites  where  it  occurs  as  a 

nax  or  accidental  species  on  five  different  habital 

I 

■es  (Daubenmire  and  Daubenmire  1968:  Steele  and 
ers  1976).  Western  redcedar  is  the  major  climax 
;cies  on  the  Thuja  plicata/Pachisliina  myrsinites, 
uja  plicata/Athyrium  filix-foemina.  and  Thuja 
^ata/Oplopanax  horridium  habitat  types.  On  the 
iga  heterophyla/Pachistima  myrsinites  habitat 


type,  western  redcedar  is  a  minor  climax  species,  u  is 
an  accjdent.il  species  on  i  he  Abies  lasiocarpa/Pachis- 
lima  myrsinites  habital  type. 

Western  redcedar  usually  grows  in  association  with 
other  tret   species,  sue  h  as  western  white  pine  \Pimts 
mouticola  Dougl.  ex.  I)   Don).  Douglas-fir  [Pseudols 
mcn/.icsii  [Mirb.]  Franco),  western  larch  [Lari.\ 
dculalis  Null),  grand  fir  [Abies  qrandis  [Dougl.]  Lindl.). 
ponderosa  pine  {Pinus  poiulvrosa  Dougl.  ex  Laws  |, 
western  hemlock  [Tsuyu  hctcrophyllu  [Ral  and 

lodgcpole  pine  {Pinus  cuutorta  Dougl.).  Western 
redcedar  is  one  ol  the  mosl  shade-loleranl  species 
ing  in  tin-  cedar-hemlock  ecosystems  ol  the  Northern 
Rocky  Mountains,  h  is  capable  ol  reproducing  and 
becoming  established  under  the  shade  ol  lastci  growing 
serai  species    The  prolific  nature  ol   lis  seed   prodin  Mini 

often  leads  ton: ration  of  thou  i  llini^s 

per  acre,  creating  dense,  overstocked,  slow-gn iwing 
stands. 

Northern  Idaho,  eastern  Washington,  and  western 
Monian.i  h  i    forested  acreage  in  which  western 

redcedar  is  a  major  component  ol  the  understorv, 
Because  western  redeedat   is  shade  lolerant,  these 
understorv  trees  may  he  multiaged  and  diverse  in  size. 
The  (jucstion  ol  how  to  manage  these  siands  usniy 
practices  such  as  overstory  removal    i  I 
or  t  Innniii:  hihil;  ii  h  l\'  relevant .  There- 

fore, the  objectives  ol  this  study  were  to  identify  the 
tree,  site   and  stand  i  haraeli  risties  thai  were  associated 
with  the  diamelei  increment  responses  ol  western  red 
cedar  to  release  from  overhead  and  surrounding  compe- 
tition 


THE  SITE,  STAND,  AND  TREE 
CHARACTERISTICS  ASSOCIATED 
WITH  THE  RELEASE  RESPONSE  OF 
WESTERN  REDCEDAR 
Literature  Review 

Growth  of  shade-tolerant  tree  species  increases  in 
response  to  the  removal  of  overhead  and  surrounding 
competition.  Overstory  removal  has  been  found  effec- 
tive in  increasing  growth  rates  of  shade-tolerant 
coniferous  understory  species  (Leaphart  and  Foiles 
1972;  Koenigs  1969;  Ferguson  and  Adams  1979:  Seidel 
1977).  Likewise,  undcrstories  of  tolerant  deciduous 
trees  can  be  released  successfully  (Johnson  1975; 
Carvell  1967;  Sander  and  others  1976).  Growth  re- 
sponse after  overstory  removal  is  often  delayed  one  or 
more  years  as  the  understory  becomes  acclimated  to  its 
new  environment  (Herring  1977;  Herring  and  Ethridge 
1976).  Shade-tolerant  species  are  also  capable  of  in- 
creased growth  rates  after  intermediate  stand  treat- 
ments such  as  cleanings  and  thinnings  (Deitschman 
and  Pfister  1973:  Berry  1968). 

Tree  characteristics  such  as  diameter,  height,  crown 
condition,  rooting  habit,  and  age  are  related  to  the 
growth  performance  of  a  tree  after  release.  Larger 
diameter  tolerant  trees  usually  show  better  growth 
response  after  release  than  smaller  diameter  trees 
(Leaphart  and  Foiles  1972;  Herring  and  Ethridge  1976; 
Johnson  1975).  Shade-tolerant  trees  with  extensive 
symmetrical  root  systems  and  little  root  mortality 
respond  well  to  release  (Leaphart  and  Grismer  1974; 
Eis  1974).  The  response  of  tolerant  species  to  release  is 
related  to  tree  age  in  some  species  such  as  grand  fir 
(Abies  grandis  [Dougl.J  Lindl.)  (Ferguson  and  Adams 
1979);  however,  age  is  not  associated  with  the  response 
of  other  species  such  as  subalpine  fir  [Abies  lasiocarpa 
[Hook.]  Nutt)  (Herring  1977.  Crossley  1976). 

Site  characteristics  are  important  in  governing  the 
amount  of  growth  that  occurs  after  a  tolerant  species  is 
released.  Most  tolerant  coniferous  species  respond  best 
to  release  from  competition  on  cool,  moist  sites 
(Ferguson  and  Adams  1979:  Herring  1977:  Herring  and 
Ethridge  1976),  as  do  many  deciduous  trees  (Johnson 
1975). 

Release  cuttings  can  increase  the  chance  of  disease  in 
the  residual  trees.  When  the  overstory  was  removed 
and  the  residual  western  redcedar  stand  thinned  in  a 
northern  Idaho  site.  69  percent  of  the  trees  were  in- 
fected by  root  rotting  organisms,  while  in  the  untreated 
stand  only  36  percent  of  the  trees  were  infected 
(Koenigs  1969).  Similarly,  Berry  (1968)  reported  high 
mortality  caused  by  root  diseases  in  thinned  stands  of 
white  spruce  (Picea  glauca  [Moeneh]  Voss).  Release 
cuttings  in  stands  of  western  hemlock  can  increase  root 
diseases  by  damaging  residual  trees  thus  providing 
entry  points  for  disease  causing  organisms,  and  also  by 
creating  stumps  that  can  be  colonized  by  root  patho- 
gens  [Wallis  and  Morrison  1975). 

The  leaves  of  shade-tolerant  species  are  adapted  to 
low  light  conditions  and  must  change  or  be  replaced 
when  exposed  to  increased  light.  Shade-tolerant  beech 


(Fagus  grandifolia  Ehrh.)  leaves  are  efficient  in  dim 
light  with  leaf  stomata  opening  rapidly  in  response 
low  light  levels  (Woods  and  Turner  1971).  This  alio' 
the  species  to  take  advantage  of  short  periods  of  ligl 
for  photosynthesis  even  though  the  photosynthetic 
may  be  very  low  (Loach  1967).  In  addition,  tolerant 
species  have  low  respiration  rates  that  help  them  si: 
vive  in  shaded  conditions  (Loach  1967).  Trees  with 
leaves  adapted  to  shaded  environments  often  die  or 
develop  parch  blight  when  suddenly  exposed  to  ope 
light  conditions  (Boyce  1961).  The  death  or  damage 
trees  released  from  competition  can  be  related  to  th 
inability  of  the  foliage  to  adapt  or  change  to  the  new 
light  conditions.  Depending  upon  the  amount  of  exj 
sure,  many  shade  leaves  on  a  tree  will  drop  when  a 
release  cutting  occurs,  as  others  adapt  to  the  new  Ii 
conditions  (Tucker  and  Emmingham  1977).  Leaves 
veloping  on  released  shade-grown  trees  usually  hav 
two  rows  of  palisade  mesophyll  cells  compared  to  oi 
row  on  the  shade-grown  leaves  (Aussenac  1973). 
.Shade-grown  leaves  that  do  not  drop  will  often  incn 
in  thickness  and  in  weight-to-length  ratios,  thus  bee 
ing  more  adapted  to  their  new  environment  (Tucke: 
and  Emmingham  1977). 

Methods 

DATA  COLLECTION 

A  survey  approach  was  used  to  study  the  respons 
western  redcedar  diameter  growth  at  breast  height 
(d.b.h.).  to  various  kinds  of  release  from  competitior 
including  thinning,  weeding,  cleaning,  and  overstor 
removal.  To  assure  that  a  response  could  be  measu 
stands  chosen  for  sampling  had  a  minimum  of  10  y 
of  tree  growth  since  the  release  treatment.  Each  sta 
selected  was  uniform  in  slope,  aspect,  soil  type,  and* 
stand  history.  Fifteen  stands  meeting  the  selection 
criteria  were  located  on  various  ownerships  in  easte 
Washington,  northern  Idaho,  and  western  Montana 
during  the  summer  of  1979.  No  western  redcedar 
stands  examined  in  the  central  portion  of  the  study 
area  satisfied  the  stand  selection  requirements  (fig. 

Selected  stands  were  described  as  follows:  geogra 
location,  habitat  type  (Daubenmire  and  Daubenmire 
1968).  elevation  above  sea  level,  slope,  slope  configi 
tion,  aspect,  and  year  of  release  treatment.  The  hab 
types  represented  by  the  stands  in  the  study  includ 
Thuja  plicata/Pachistima  myrsinites  (THPL/PAMY 
Thuja  plicata/Athyrium  jilix-foemina  (THPL/ATFI) 
Tsuga  heterophylla/Pachistima  myrsinites  (TSHE/ 
PAMY),  and  Abies  lasiocarpa/Pachistima  myrsinitt 
(ABLE/PAMY). 

Within  each  of  the  15  stands,  two  5-point  clusters 
were  established  for  sampling  the  trees  and  lesser 
vegetation.  Each  point  was  the  center  of  a  1/300-aci 
(0.00133-ha)  fixed-radius  plot  for  measurements  of' 
up  to  5  inches  (12.7  cm)  d.b.h.  and  a  variable-radiu 
plot  for  measurements  of  trees  5  inches  (12.7  cm)  d 
and  larger.  A  basal  area  factor  was  used  that  resulte 
selection  of  four  to  six  trees  in  the  variable  radius  p 
For  each  tree  the  following  were  recorded:  species, 
crown  class,  d.b.h.,  height,  crown  ratio  (live  crown  ; 


Elk  City 


Figure  1.— Stands  used  to  investigate  the 
growth  response  of  western  redcedar  to 
release  from  competition. 

percentage  ol  tree  height),  and  descriptions  ol  any 
visible  damage  or  injury.  From  each  Iree  on  the 
variable-radius  plots,  one  incremenl  eore  to  the  Iree 
center  was  extracted  at  breast  heighl  (b.h.)  from  the 
side  facing  the  plot  center.  On  each  fixed-area  plot,  the 
proportion  covered  by  crowns  ol  each  shrub  species 
was  estimated  to  (he  nearest    10  percent  and  the 
heights  of  shrubs  were  measured  to  the  neatest   1  loot 
(30.5  cm).  Using  an  oceular  system  developed  by 
Wellner  (1979),  the  percentage  ol  sunlight  striking  (he 
forest  floor  was  estimated  within  each  stand. 

DATA  PREPARATION 

The  15  stands  had  a  wide  variety  of  characteristics. 
Mean  stand  diameters  were  small,  ranging  from  O.k 
inches  (2.0  cm)  to  3.0  inches  (7.6  em),  and  densities 
varied  from  1.296  to  49.289  trees  per  acre  (.''..202  to 
121,796  per  ha)  (table  1).  The  smallest  and  largest 
mean  stand  d.b.h.'s  for  the  60  I  growth-sample  lues 
measured  on  the  variable-radius  plots,  were  6.5  inches 
(16.5  cm)  and  31.8  inches  (80.8  em),  respectively 
(table  2). 

Thirty  variables,  both  observed  and  derived,  lor  the 
601  growth-sample  trees  were  included  in  (he  data  as 

follows: 


I.    Stand  I 
quadran; 

2.    Habitat  type        (Daubenmire  and  Daubcmnire 
1968) 

land  elevation  —   K  II  asured  by  an 

neter 

ipe  configuration  —  ridge  top.  tipper  ■■ 
slope,  lower  slope,  valley  bottom 
5.    Aspect  azimulh  —  dei 
rccnl 

7.  Year  o  dad' 

8.  Shrub  heighl  bv  species  - 

9.  Shrub  cover  by  species  —  pereenl  ol  loresl  floor 
covered  by  shrub  crowns  on   I  /.'■'.'  M  i.0013-ha 

10.  Sunlight  striking  foresl  floor —  percent  (Wellner 
1979) 

1  1.    Tree  species  —  (Little 

12.  Tree  diameter  at  breast  height  —  :i 
inch  using  clian 

13.  Tree  heighl  —  nearest   1.0  foot,  using  clinometer 

14.  Crown  ratio  —  percentage  ol  I  n  live 
crown 

15.  Crown  class  —  (Smith    1962) 

16.  Description  ol  damage  or  injury  to  the  lre< 

17.  Tree  age  at  breast  height  based  on  count  ol 
annual  growth  rings 

Annual  iree  ring  widths  —  millimeters 

19.  Dianr  ide  bark  for  various  growth  periods 
computed  from  annual  growth  ring  measurements 

Id. i.b. i 

20.  Basal  area  percentile  —  position  ol  tree  in  stand 
basal  area  distribution  (BAP) 

21.  Basal  area  ol  larger  trees  computed  Irom  tree  list 
(HAL) 

22.  Stand  crown  competition  factor  (CCF)  (Krajicek 
and  others  1961 1 

23.  Stand  trees  per  acre  (TPA) 

24.  Stand  basal  area  (BA]  per  acre 

25.  Cluster  crown  competition  lac-tor  (CCFl 

26.  ( 'luster  trees  per  acre 

27.  Cluster  basal  area  per  act 
'2H.    Point  crown  com  pi 

29.  Point  trees  per  acre  (TPA) 

30.  Point  basal  area  pel  acre  (BA) 

In  addition  to  those  observed  in  the  held,  the  follov 
data  were  derived  for  each  point,  cluster,  and  stand: 
trees  per  acre  (TPA).  basal  area  per  acre  (BA),  and 
crown  competitio  others 

1961).  The  basal  area  percentile  (MAP)  lot  each  Irei 
computed:  the  position  ol  the  tree  in  the  basal  area  dis- 
tribution ol  the  stand    Also  for  each  Iree  in  a  stand,  (he 
basal  area  ol  trees  larger  than  the  subject  tree  (BALI 
omputed 
growth-sample  trees  also  provided  growth  infor- 
mation and  age  for  any  period  during  nl  the 
Iree.    The  width  ol  each  annual  ring  in  the  incremenl 
cores  was  measured  with  ll                  an  electron: 
suring  device  (( iraham                         melei   in 
(d.i.b.)  was  computed               ;  ars  belorc  a  release  t 
incut  and  lot  5,   10.  an 
lor  the  vears  1975  and 


Table  1.— Characteristics  of  released  western  redcedar  stands 


Total  stand  characteristics 


Stand 
No. 


Trees 
tallied 


Mean 
d.b.h. 


Mean 
height 


Trees/per 


Basal 
area 


In 

cm 

Ft 

m 

Acre 

ha 

1 

851 

0.8 

2.03 

3.6 

1.10 

49,289 

121,793 

2 

253 

1.0 

2.54 

12.0 

3.66 

7,060 

17,445 

3 

148 

1.6 

4.06 

11.1 

3.38 

3,763 

9,298 

4 

442 

1.4 

3.56 

9.6 

2.93 

12,448 

30,759 

5 

314 

1.1 

2.79 

10.1 

3.08 

8,238 

20,356 

6 

128 

1.7 

4.32 

8.1 

2.47 

3,320 

8,204 

7 

352 

1.9 

4.83 

21.0 

6.40 

8,890 

21,967 

8 

770 

3.81 

7.2 

2.19 

20,742 

51,253 

9 

473 

1  7 

4.32 

8.3 

2.53 

13,100 

32,370 

10 

699 

1.2 

3.05 

6.2 

1.89 

20,178 

49,860 

11 

322 

2.0 

5.08 

21.4 

6.52 

8,635 

21,337 

12 

213 

2.3 

5.84 

22.6 

6.89 

5,563 

13,746 

13 

348 

2.5 

6.35 

24.1 

7.35 

8,408 

20,776 

14 

52 

2.0 

5.08 

16.2 

4.94 

1,296 

3,202 

15 

163 

3.0 

7.62 

27.4 

8.35 

3,649 

9,017 

Ff/acre 

m2/ha 

187 

17.37 

40 

3.72 

55 

5.11 

118 

10.96 

90 

8.36 

51 

4.74 

177 

16.44 

246 

22.85 

217 

20.16 

153 

14.21 

189 

17.56 

153 

14.21 

291 

27.03 

27 

2.51 

180 

16.72 

Table  2.— Characteristics  of  growth-sample  trees  in  released  western  redcedar  stands 


Growth  sample  trees 

5-in  d.b.h. 

and  larger 

Stand 

Number 

Mean 

Mean 

Mean  b.h. 

Mean  b.h. 

No. 

sampled 

d.b.h. 

height 

age 

at  relea: 

In 

cm 

Ft 

m 

Yr 

Yr 

1 

35 

9.1 

23.11 

46.9 

14.30 

69 

24 

2 

22 

9.7 

24.64 

44.0 

13.41 

64 

53 

3 

25 

14.6 

37.08 

65.9 

20.09 

65 

43 

4 

33 

9.4 

23.88 

47.6 

14.51 

78 

60 

5 

28 

13.4 

24.04 

72.7 

22.16 

77 

28 

6 

22 

8.9 

22.61 

35.1 

10.70 

36 

17 

7 

59 

23.4 

59.44 

90.4 

27.55 

94 

74 

8 

81 

21.1 

53.59 

89.8 

27.37 

94 

74 

9 

54 

11.7 

29.72 

66.6 

20.30 

57 

33 

10 

39 

11.0 

27.94 

69.9 

21.31 

89 

69 

11 

46 

12.1 

30.73 

68.3 

20.82 

147 

125 

12 

36 

13.6 

34.54 

64.8 

19.75 

71 

56 

13 

69 

31.8 

80.77 

111.0 

33.83 

84 

60 

14 

14 

6.5 

16.51 

34.3 

10.45 

72 

54 

15 

38 

24.6 

62.48 

120.2 

36.41 

169 

159 

PREDICTION  OF  NONRELEASED 
DIAMETER  GROWTH 

Nonrclcased  trees  were  not  sampled  in  this  study. 
Therefore,  diameter  growth  prior  to  the  release  treat- 
ments was  measured  from  the  growth-sample  trees  and 
used  to  construct  a  regression  model  to  predict  non- 
released  tree-  diameter  growth.  The  independent  vari- 
ables that  existed  at  the  time  of  release  were  evaluated 
as  potential  predictors  of  diameter  growth  [table  3).  To 


determine  the  optimum  slope  and  aspect  for  tree 
diameter  growth  without  repeated  calculations,  the  sint 
of  the  aspect  azimuth  times  the  percent  slope  [Sine 
(Asp)* Slope]  and  the  cosine  of  the  aspect  azimuth  time 
the  percent  slope  [Cos  (Asp)* Slope]  were  used  as 
independent  variables  (Stage  1976).  If  either  the  sine 
transformation  term  or  the  cosine  transformation  term 
was  significant  as  an  independent  variable  in  predictin; 
diameter  growth,  they  both  remained  in  the  regression 
model. 


Table  3.— The  prediction  model  for  diameter  growth  of  nom 


Nonreleased  diameter  growth  prediction  model 

PGRTH   =  B(0)  +   B(1)  DIA  +   B(2)  ELEV  +   B(3)  COSINE    +    B(4)  SINE                                                                        THPAMY                  SPAMY 

where: 

PGRTH  =  predicted  nonreleased  diameter  growth, 

DIA  =  natural  log  d.i.b.  at  beginning  of  growth  period  in  mm 

ELEV  =  stand  elevation  above  sea  level  in  feet  divided  by  100 

COSINE  =  cosine  of  aspect  azimuth  in  degrees  times  the  slope  in  percent 

SINE  =  sine  of  aspect  azimuth  in  degrees  times  the  slope  in  percent 

SLOPE  =  slope  in  percent 

THATFI  =  1  if  THPL/ATFI  habitat  type.  0  otherwise 

THPAMY  =  1  if  THPL/PAMY  habitat  type,  0  otherwise 

TSPAMY  =  1  if  TSHE/PAMY  habitat  type,  0  otherwise 


B(0)  = 
B(1)  = 
B(2)  = 


3.496337 

1.120681 

-0.018654 


B(3)  = 
B(4)  = 
B(5)  = 


0.007143 
0.000368  NS 
0.022533 


B(6)  = 

B(7)  =       0.538276 

0.251484  NS1 


R2  =  0.69 

Independent  variables  tested: 

1.  Stand  location  —  geographic 

2.  Habitat  type  —  TSHE/PAMY,  THPL/PAMY,  ABLA/PAMY,  THPL/ATFI 

3.  Stand  elevation  above  sea  level  —  ft 

4.  Slope  configuration 

5.  Cosine  of  the  aspect  azimuth  in  degrees  times  percent  slope 

6.  Sine  of  the  aspect  azimuth  in  degrees  times  percent  slope 

7.  Natural  log  diameter  inside  bark  (d.i.b.)  at  beginning  of  growth  period  in  mm 

8.  Breast  high  tree  age  at  release  in  years 

9.  Slope  in  percent 

Dependent  variable:  DDS 


NS  =  nonsignificant  at  P  <  0.05,  the  variable  was  included  because  other  variable5 


A  natural  log  transformation  of  the  difference 
between  the  squared  diameters  (DDS)  was  used  to 
linearize  the  diameter-growth  measurements  as  follows: 
[In  (D-j  -  D.'-y)]  where:  D,  equals  the  d.i.b.  at  the  begin- 
ning of  a  growth  period  and  I).,  equals  the  d.i.b.  at  I  he 
end  of  a  growth  period.  Examinations  ol  plots  ol  the 
data  and  other  diameter-growth  models  indicated  a 
normal  distribution  for  the  squared  differences 
(Wykoff1).  Using  the  transformed  diameter  growth  lor  a 
5-year  period  before  treatment  as  the  dependent 
variable,  a  nonreleased  diameter-growth  model  was 
fitted,  using  all  possible  regressions  foi  the  largest  R~. 
which  in  turn  was  evaluated  stepwise  lor  the  si^n; 
(P<0.05)  independent  variables.  The  nonreleased 
model  is  a  reliable  predictor  ol  diameter  growth, 
explaining  69  percent  ol  the  variation  (tabic 
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IDENTIFYING  SIGNIFICANT  ASSOCIATIONS 

Regression  is  was  used  to  u!  i    site. 

stand.  ,iii(l  tree  characteristics  thai  were    issoi 
will)  the  diau  i  iwth  rcs|  ■  i  edeedai 

The  depeni  lenl  variable  v\ ; 

observed  diameter  growth  and  the  predicted  non- 
released  ( I  same 
time  pi                          'In    observed  d.i.b. 's  al  lime  ol 
release,  p).    10,  and    15                                                          ir  the 

loin   i  ranslornn 
diameter-growl  hi  incuts  (D 

Using  the  oh:  iremenls  and  the 

iiieineiiis.  die  dc|)cndcnl  vari- 
abli    [1  )l  )S  "n  li  a>  ■ 

computed,    flu    p:  liaiucler  gr< iwl  1: 

growth)  ol  each  tree  was  included  in  each  regression 
model  to  eliminate  variation  noi  n  laled  lo  die  n 

response   o| 

aspect  term  or  eosine-aspeel  h  rin  was  significant,  both 
terms  remained  in  the  model.  The  regression  models 
could  i hen  lie  formulate  (I  il\    the  site,  stand 

he  ,ieh  i  isl  i    s  thai  wei  e  associated  (I  ,vi1  li 

llie  difference  between  observed  dianieler  growth  and 

'leased    l  ll.lll  : 


Results 

The  diameter-growth  response  of  western  redeedar  to 
release  from  overstory  and  surrounding  competition 
was  related  to  site,  stand,  and  tree  characteristics. 
Because  tree  and  stand  characteristics  such  as  number 
of  trees  per  acre,  tree  heights,  and  stand  basal  area  per 
acre  could  not  be  estimated  for  past  growth  periods. 

characteristics  were  used  only  in  the  regression 
models  for  the  1975-1979  growth  period  (table  4).  Other 
variables  such  as  stand  elevation,  slope  percent,  and 
slope  configuration,  were  used  in  the  regression  models 
for  all  periods.  The  dependent  variable  in  the  models 
was  the  difference  between  the  observed  5-ycar  diam- 
eter growth  and  the  predicted  nonrelcased  5-year  diam- 
eter growth. 

ZERO  TO  FIVE  YEARS  AFTER  RELEASE 

Five  years  after  release,  cosine  of  the  aspect  times  the 
slope,  natural  log  d.i.b..  b.h.  tree  age.  and  the  predicted 
nonreleased  diameter  growth  had  significant  (P<0.05) 
relationships  with  the  difference  between  observed  dia- 
meter growth  and  predicted  nonreleased  diameter 
growth  of  western  redeedar.  The  best  response  of 
western  redeedar  occurred  on  the  steep  north-facing 
slopes  and  the  poorest  response  occurred  on  steep 
south-facing  slopes  (fig.  2).  Tree  d.i.b.  had  a  significant 
positive  relationship  with  the  diameter  growth  response 


r       0-5  (Yrs.  after  release) 


Slope  (%) 
60 

£l 20 


1.5 
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0.0 

- 

1            1 

1            1 

60 

20 


ASPECT  AZIMUTH  (DEGREES) 
Figure  2.— The  5-year  growth  response  of 
western  redeedar  on  two  slopes  for  three 
periods  after  stand  treatment. 


of  western  redeedar  as  indicated  by  the  positive  sign  of 
the  regression  coefficient  for  the  natural  log  d.i.b.  term 
in  the  0-  to  5-year  regression  model  (table  4).  The  posi- 
tive sign  of  the  natural  log  d.i.b.  term  indicated  that  the 
larger  diameter  western  redeedar  had  the  better 
response  to  release  from  competition,  as  compared  to 
the  smaller  diameter  trees.  In  contrast,  the  regression 
coefficient  for  b.h.  tree  age  in  the  0-  to  5-year  regressior 
model  was  negative,  denoting  that  as  b.h.  tree  age 
increased,  the  diameter  growth  response  of  western 
redeedar  to  release  decreased  (table  4).  Likewise,  the 
negative  coefficient  for  the  predicted  diameter  growth 
variable  provided  evidence  that  the  predicted  slower 
growing  trees  had  better  diameter  growth  response  to 
release  than  those  with  the  predicted  faster  growth 
rates. 

FIVE  TO  TEN  YEARS  AFTER  RELEASE 

Slope  and  aspect,  along  with  b.h.  age,  had  significant 
relationships  with  the  difference  between  observed 
diameter  growth  and  predicted  nonreleased  diameter 
growth  of  western  redeedar  5  to  10  years  after  stand 
treatment.  The  diameter  growth  release  response  for 
the  5-  to  10-year  growth  period  was  better  on  the  steep 
north-facing  slopes  than  on  steep  south-facing  slopes 
(fig.  2)  and  is  similar  to  the  results  for  the  0-  to  5-year 
growth  period.  In  the  5  to  10  years  after  release,  tree 
age  continued  to  have  an  inverse  relationship  with  tree 
response  as  indicated  by  the  negative  regression  coeffi- 
cient in  the  model  for  the  5-  to  10-year  period  (table  4). 

TEN  TO  FIFTEEN  YEARS  AFTER  RELEASE 

Predicted  nonreleased  diameter  growth,  sine-aspect 
transformation,  cosine-aspect  transformation,  natural 
log  d.i.b.,  and  b.h.  age  were  all  significant  (P<0.05) 
variables  in  the  observed  minus  predicted  diameter 
growth  model  for  the  10-  to  15-year  period  (table  4). 
Predicted  nonreleased  diameter  growth  and  tree  age 
with  negative  regression  coefficients  remained  inversely 
related  to  diameter  growth  release  response,  while 
natural  log  d.i.b.  continued  to  have  a  positive  rela- 
tionship with  the  release  response  of  western  redeedar. 
The  response  to  release  10  to  15  years  after  treatment 
continued  to  be  the  best  on  north-facing  slopes  and  the 
poorest  on  south-facing  slopes  (fig.  2). 

1975-79  PERIOD  OF  GROWTH 

All  of  the  site,  stand,  and  tree  variables  were  used  in 
the  regression  models  for  the  1975-79  growth  period. 
The  number  of  years  between  the  time  each  stand  was 
treated  and  the  1975-79  growth  period  ranged  from  10 
to  45  years,  with  a  mean  time  of  21  years.  Stand  crown 
competition  factor.  CCF.  predicted  nonreleased  diam- 
eter growth,  natural  log  d.i.b.,  b.h.  age,  and  habitat 
type  were  variables  significant  in  the  regression  model 
(table  4).  The  results  for  this  period  were  similar  to  the 
results  of  the  other  growth  periods,  with  both  b.h.  age 
and  predicted  diameter  growth  having  an  inverse  rela- 
tionship with  the  difference  between  actual  tree 
diameter  growth  and  predicted  nonreleased  tree  diam- 
eter growth  (table  4).  Total  stand  CCF  was  significant 
(P<0.05)  and  also  had  a  negative  regression  coefficient 


Table  4.— The  variables  associated  with  the  difference  between 


Significance 

Regression  coefficients 

Time  period  since 

release  (years) 

0-5 

Time  period  since  release  (years) 
5-10                  10-15 

Variable 

0-5 

5-10 

10-15 

1975-79 

NS' 

1975-7' 

Location 

NS 

NS 

NS 

Elevation/100 

NS 

NS 

NS 

NS 

Slope  angle 

NS 

NS 

NS 

NS 

Slope  config 

NS 

NS 

NS 

NS 

Time  since  release 

NS 

NS 

NS 

NS 

d.i.b. 

NS 

NS 

NS 

NS 

(d.i.b.)2 

NS 

NS 

NS 

NS 

%  sunlight 

Ni 

NT 

NT 

NS 

Tree  height 

NT 

NT 

NT 

NS 

Tree  crown  ratio 

NT 

NT 

NT 

NS 

Tree  crown  class 

NT 

NT 

NT 

NS 

Tree  damage 

NT 

Nr 

NT 

NS 

Shrub  height 

N! 

NT 

NT 

NS 

%  shrub  cover 

Nl 

NT 

NT 

NS 

BAP 

NT 

NT 

NT 

NS 

BAL 

NT 

NT 

NT 

NS 

Point  BA 

NT 

NT 

NT 

NS 

Point  TPA 

Nl 

NI 

NT 

NS 

Point  CCF 

NT 

NT 

NT 

NS 

Cluster  BA 

N  1 

N  I 

NT 

NS 

Cluster  TPA 

NT 

Nl 

N 1 

NS 

Cluster  CCF 

Nl 

NT 

NT 

NS 

Stand  BA 

NT 

NT 

NT 

NS 

Stand  TPA 

Nl 

NT 

N 

NS 

Stand  CCF 

NT 

NT 

NT 

0.0001 

-  0.008 

Pred.  growth 

0.0001 

NS 

0.0046 

.0001 

-  1.087 

Cos  (Asp)'Slope 

.0007 

0.0038 

.0012 

NS 

.012 

0.013                    .013 

Sin  (Asp)*Slope 

NS 

.0112 

.0453 

NS 

010                     009 

In  d.i.b. 

.0001 

NS 

.0008 

.0001 

1.538 

2  189                  1951 

b.h.  age 

.0001 

.0001 

.0001 

.0005 

-    .014 

-    .010                -    .010 

00  ' 

Habitat  type 

NS 

NS 

NS 

0108 

THPL/PAMY 

ABLA/PAMY 

TSHE/PAMY 

THPUATFI 

InterceDt 

2.621 

R- 

:NS  =  nonsignificant  (P  <  0.05) 
NT  =  not  tested 
'Different  letters  indicate  significant  differences  (P  <  0 .05) 


indicating  that  stands  with  high  CCF's  had  poor  diam- 
eter growth  response.  Habitat  type  was  also  asso 
ciated  with  the  response  ol  western  redeedar  to  release. 
Trees  growing  on  the  THPL/PAMY  habital  type  had  the 
best  response,  which  was  significantly  different  from 


that  on  the  othei   i  luce  habitat  !v|  > 
significant  dillen  ong  the  diamch 

responses  ol  lives  on  the  other  lhrc<    habilal  Ivpes 
(table  4). 


ALL  GROWTH  PERIODS 

The  magnitude  of  the  growth  response  to  release 
differed  among  the  four  growth  periods.  The  best 
diameter  growth  occurred  5  to  10  years  after  a  release 
treatment  and  the  poorest  growth  for  the  same  trees 
occurred  between  1975  and  1979,  21  years  after 
release  (fig.  3).  Likewise  the  proportions  of  trees 
growing  taster  than  a  predicted  nonreleased  tree 
differed  among  the  four  growth  periods.  The  propor- 
tions for  the  0-5,  5-10.  10-15.  and  1975-79  periods  were 
5  1 .  52.  39,  and  26  percent,  respectively  (fig.  3). 

\   Maximum  difference  in  DDS  for  released  and  predicted 
nonreleased  Western  Redcedar 

1    Percentage  of  released  Western  Redcedar  growing  faster 
than  predicted  nonreleased  Western  Redcedar 


GROWTH  PERIOD 
(YR) 


1. 0  0. 5  0 

L0Ge  (DDS  "  released  ")- 
L0Ge  (DDS  "predicted") 


20  40 

PERCENT 


Diameter-growth  response  to  release  appeared  to  be 
best  on  north-facing  slopes.  Certain  characteristics  of 
growing  sites  on  northerly  exposures  perhaps  amelio- 
rate changes  in  microclimate  caused  by  a  release 
cutting,  thus  shade-adapted  leaves  respond  favorably  to 
release  as  shown  by  increasing  tree  diameter  growth. 
On  north-lacing  slopes  the  light  sensitive  stomata  of 
shade-grown  leaves  after  a  release  cutting  would  be 
open  less  than  the  stomata  of  shade-grown  leaves  after 
a  release  cutting  on  other  exposures.  In  addition,  better 
leal  turgidity  could  be  maintained,  thus  reducing  the 
amount  of  photochemical  damage  to  the  shade  leaves 
while  new  sun-adapted  leaves  could  form.  If  not 
damaged  excessively  when  exposed  to  the  sun,  shade 
leaves  are  capable  of  increasing  in  thickness  and  in 
weight-to-length  ratios.  This  makes  them  more  sun 
tolerant  (Tucker  and  Emmingham  1977)  and  enables 
the  tree  to  survive  changes  in  microclimate.  Other 
shade-tolerant  species  also  respond  to  release  best  on 
cool,  moist  sites.   These  include  grand  fir  (Abies  grandis 
[Dougl.]  Lindl.)  (Ferguson  and  Adams  1979).  amabalis 
fir  (Abies  amabilis  [Dougl.]  Forbes)  (Herring  and 
Etheridge  1976),  subalpine  fir  (Abies  lasiocarpa  [Hook.] 


Nutt.)  (Herring  1977).  and  nutall  oak  (Quercus  nuttallii 
Palmer)  Johnson  1975). 

Young  western  redcedar  trees  appear  to  respond  to 
release  from  surrounding  and  overhead  competition 
better  than  older  trees.  Several  factors  could  be 
involved  in  changing  this  relationship,  including 
natural  senescence,  crown  depletion  resulting  from 
suppression,  and  damage  due  to  many  kinds  of  agents. 
When  shade-tolerant  trees  are  grown  for  long  periods  in 
suppressed  conditions,  their  crowns  develop  to  be 
shorter  and  thinner  than  their  open-grown  counter- 
parts. Because  trees  with  long,  dense  crowns  are  the 
most  vigorous  they  are  more  likely  to  respond  to  release 
(Graham  1980b:  Seidel  1977).  Understory  western  red- 
cedar are  often  subjected  to  heavy  snow  loads  that 
damage  the  crowns  and  boles,  thus  decreasing  their 
ability  to  respond  to  release.  The  capacity  of  a  tree  to 
respond  to  release  generally  declines  with  age  (Baker 
1950;  Ferguson  and  Adams  1979).  but  age  does  not 
appear  to  affect  the  release  of  some  species  such  as 
subalpine  fir  and  balsam  fir  (Abies  balsamea  [L.\  Mill.) 
(Herring  1977). 

The  larger  diameter  western  redcedar  trees  in  a  stand 
had  the  better  diameter  growth  responses  to  release. 
The  larger  diameter  trees  in  a  stand  are  usually  the 
taller  trees  with  larger  crowns,  have  more  crown  that  is 
sun  adapted,  and  have  more  extensive  root  systems. 
Therefore,  when  a  release  cut  occurs  in  a  stand  those 
trees  with  larger  diameters  can  respond  to  the  more 
favorable  growing  conditions  more  quickly  than  smaller 
trees.  The  faster  growing  western  redcedar  in  a  stand 
may  have  adequate  growing  space  before  a  release 
treatment,  so  any  additional  space  from  release  cutting 
would  not  be  utilized.  Therefore,  prereleased  diameter 
growth  rates  do  not  always  indicate,  as  well  as  d.b.h. 
does,  the  growth  performance  after  release.  This  has 
also  been  demonstrated  by  Baker  (1950),  Cole  and 
Stage  (1972),  and  Stage  (1973). 

The  diameter-growth  response  of  western  redcedar  to 
release  was  significantly  (P<0.05)  related  to  habitat 
types.  Western  redcedar  on  the  THPL/PAMY  habitat 
type  had  the  best  release  response.  This  is  the  warmest 
and  driest  habitat  type  where  western  redcedar  grows 
(Daubenmire  and  Daubenmire  1968).  Western  redcedar 
is  the  climax  species  on  this  habitat  type  and  can 
dominate  in  eventual  size  and  number  over  the  other 
species.  On  the  TSHE/PAMY  habitat  type,  western  red- 
cedar cannot  compete  with  the  other  species  as  readily 
when  released.  Any  disturbance  in  stands  growing  on 
the  TSHE/PAMY  habitat  type  usually  results  in  a  tre- 
mendous western  hemlock  regeneration  that  can 
compete  with  the  released  western  redcedar  trees.  The 
occurrence  of  western  redcedar  on  the  ABLA/PAMY 
habitat  type  is  very  limited,  making  release  operations 
marginal.  It  appears  that  on  this  habitat  type,  western 
redcedar  is  limited  by  cold  temperatures.  Any  release 
cutting  will  increase  the  probability  of  frost  damage  to 
the  released  trees,  making  the  release  treatments  less 
effective.  Likewise  release  treatments  on  the 
THPL/ATFI  habitat  type  could  be  less  successful 
because  of  cold  temperatures  and  high  ground-water 
tables.  Habitat  types  have  also  been  found  related  to 


tin   growth  ol  other  species  (Stage  1973:  Stage  1976)  .is 
well  as  to  release  response  of  other  species  (Ferguson 
and  Adams  19791. 

Stand  density  after  release  was  related  to  the  amount 
of  diameter  growth  western  redeedar  achieves.  Western 
redcedar  stands  with  high  CCF's  alter  release  had 
growth  rates  less  than  western  redcedar  stands  with 
low  CCF's.  Increases  in  stand  density  alter  release  can 
be  partially  attributed  to  additional  tree  growth  in 
response  to  the  treatment  and  to  new  regeneration. 

The  stresses  in  western  redcedar  as  it  adjusts  to  a 
new  microclimate  after  a  release  cutting  could  make  ii 
more  susceptible  to  attack  by  Armillaria  mellea  (Vahl. 
ex  Fr\).  Armillaria  mellea  is  capable  of  spreading  by 
both  root-to-root  contact  and  by  rhizomorphs  infecting 
other  stump  and  tree  root  systems  (Boyce  1961; 
Morrison  and  Johnson  1978).  Frequency  of  such  con- 
tact is  increased  in  response  to  release;  i.e.,  western 
redcedar's  extensive  grafted  root  system  expands  along 
with  the  expansion  of  ingrowth  root  systems.   This 
helps  facilitate  the  spread  of  A.  mellea  throughout  the 
released  stand.  The  mechanical  operations  of  a  release 
treatment  can  increase  the  infection  rate  of  Fomes 
annosi's  (Fr.)  Karst.  and  Heterobasidion  annosum  (Fr.) 
Bref.  in  stands  of  western  hemlock  (Wallis  and  Morrison 
1975:  Chavez  and  others  1980).  but  there  is  no  evi- 
dence that  mechanical  damage  increases  the  infection 
rate  of  A.  mellea  in  released  stands.  Increasing  tree 
spacing  by  release  cuttings  does  not  prevent  the  attack 
of  western  recedar  by  A.  mellea.  but  it  can  actually 
increase  disease  infection  rates. 


SOIL  CHARACTERISTICS 
ASSOCIATED  WITH  THE 
RELEASE  RESPONSE  OF 
WESTERN  REDCEDAR 
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Table  5— Chemical  characteristics  of  the  soil  from  15  stands  of  released  v. 


Characteristic 


PH 

Phosphorus  (ppm) 
Potassium  (ppm) 
Organic  matter  (%) 
Nitrate  (ppm) 
Ammonium  (ppm) 
Electrical  cond.  (  ^  mhos) 
Boron  (ppm) 
Sulfate  (ppm) 
Zinc  (ppm) 
Manganese  (ppm) 
Copper  (ppm) 
Iron  (ppm) 
Total  nitrogen  (%) 


Mean 


5.70 

3.00 

2448.00 

9.13 

1.20 

4.61 

1r) 

.09 

8.50 

2.86 

134.30 

1.06 

367.60 

.25 


Standard 
deviation 

2.99 

1  48 

2.12 

06 

06 

500 

1.09 

4820 

113.00 


Maximum 


Minimum 

IDENTIFYING  SIGNIFICANT  ASSOCIATIONS 

Regression  analysis  was  used  to  identify  the  soil 
variables  significantly  associated  with  the  release  of 
western  redcedar.  The  dependent  variable  in  the 
regression  models  was  the  difference  between  the  DDS 
tor  released  trees  and  the  predicted  nonreleased  DDS 
for  the  same  tree  (DDS  "released"  -  DDS 
"nonreleased").  Fourteen  soil  variables  were  tested  for 
association  with  the  dependent  variable.  The  predicted 
diameter  growth  of  each  tree  was  included  in  each 
regression  model  to  eliminate  variation  not  related  to 
the  release  response  of  the  sample  trees.  Transformed 
diameter  increments  for  the  periods  0-5,  5-10,  and 
10-15  years  after  treatment  were  used  as  dependent 
variables  in  the  regression  models. 

Results 

Amounts  of  several  soil  nutrients  and  soil  pH  were 
associated  (P  <0.05)  with  the  growth  difference  between 
released  diameter  growth  and  predicted  nonreleased 
diameter  growth  of  western  redcedar.  Amounts  of  soil 
nitrogen  were  significantly  related  to  the  difference 
between  released  diameter  growth  and  the  predicted 
nonreleased  diameter  growth  of  western  redcedar  as 
denoted  by  the  significant  coefficients  for  the  nitrogen 
variables  (table  6).  The  positive  regression  coefficients 
for  the  nitrate  and  ammonium  variables  in  the  regres- 
sion models  indicated  that  trees  growing  on  soils  with 
larger  amounts  of  these  forms  of  soil  nitrogens  had 
greater  release  response  than  trees  growing  on  soils 
with  lesser  amounts  of  ammonium  and  nitrate.  In 
contrast,  amounts  of  total  soil  nitrogen  were  negatively 
associated  with  western  redcedar  diameter-growth 
response  to  release.  In  other  words,  trees  growing  on 
soils  with  the  larger  amounts  of  total  nitrogen  had 
poorer  diameter  growth  release  response  when 
compared  to  trees  growing  on  soils  with  lesser  amounts 
of  total  nitrogen. 

Amounts  of  soil  sulfate  and  potassium  showed 
positive  relationships  with  the  release  of  western 
redcedar  from  overhead  and  surrounding  competition. 
Both  sulfate  and  potassium  had  positive  regression 
coefficients  in  the  0-5-  and  10-15-year  models  (table  6). 
The  regression  coefficients  indicated  that  western 
redcedar  growing  on  soils  with  the  larger  amounts  of 
sulfate  and  potassium  had  greater  diameter  growth 
response  to  release  than  western  redcedar  growing  on 
soils  having  lesser  amounts  of  sulfate  and  potassium. 

Amounts  of  soil  iron  and  copper,  along  with  soil  pH. 
had  negative  relationships  with  the  diameter  increment 
of  released  western  redcedar.  The  regression  coeffi- 
cients for  soil  iron,  and  copper  were  significant  only  for 
0-5-  and  5-10-year  periods,  with  the  regression 
coefficient  for  soil  pH  being  significant  for  all  growth 
periods  (table  6).  These  regression  coefficients  were 
evidence  that  the  response  of  western  redcedar  to 
release  was  greater  on  soils  with  the  lesser  amounts  of 
copper,  iron,  and  lower  pH  values,  compared  to  tree 
diameter  growth  on  soils  with  the  larger  amounts  of 
copper,  iron,  and  higher  pll  values. 


Significant  interactions  between  soil  characteristics 
were  detected  using  two  variable  regression  models.  Fc 
the  0-5-year  time  period  since  release  the  significant 
interactions  identified  were  total  nitrogen-iron  and  pH- 
potassium  (table  7).  During  the  5-10-year  time  period, 
the  significant  interactions  detected  were  total  nitrogen 
copper,  total  nitrogen-iron.  pH-iron,  total  nitrogen- 
potassium.  pH-sulfate.  and  total  nitrogen-nitrate.  Only 
two  significant  interactions,  total  nitrogen-potassium 
and  pH-ammonium,  were  detected  for  the  10-15-year 
period.  The  significant  interactions  were  evidence  that 
for  a  given  amount  of  soil  constituent  the  response  of 
western  redcedar  to  release  was  not  proportional  to 
changes  of  the  other  constituent  in  the  interaction. 

Discussion 

Several  soil  characteristics  were  significantly 
(P<  0.05)  associated  with  the  growth  difference  betweei 
the  diameter  of  released  western  redcedar  and  the 
predicted  diameter  growth  of  nonreleased  western 
redcedar.  Soil  variables,  including  total  nitrogen, 
ammonium,  nitrate,  sulfate,  copper,  potassium,  iron, 
and  pH  had  significant  regression  coefficients  in  the 
release  response  models. 

Soil  pH  directly  influences  the  uptake  of  soil  nutrient 
by  plants.  Soil  copper,  boron,  zinc,  manganese, 
potassium,  and  iron  are  not  readily  absorbed  by  plants 
at  higher  soil  pH's  (Alban  1958).  The  influence  that  soi 
pH  has  on  the  availability  of  soil  nutrients  for  plant 
growth  could  explain  why  western  redcedar  growing  oi 
high  pH  soils  had  the  poorer  response  to  release.  Soil 
pH  could  be  limiting  the  uptake  of  soil  nutrients, 
thereby  influencing  the  diameter  increment  of  released 
trees.  Data  for  this  study  did  show  interactions  of  pH 
and  potassium  having  negative  relationships  with  the 
response  of  western  redcedar  to  release. 

Nitrogen  nutrition  of  forest  trees  is  usually  more 
complex  than  is  the  nutrition  of  other  major  elements. 
Nitrogen  is  most  readily  available  for  tree  growth  in  the 
nitrate  and  ammonium  forms  that  often  can  be  less 
than  10  percent  of  the  total  nitrogen  in  a  forest  soil 
(Jorgensen  1967).  Much  of  the  total  nitrogen  is 
immobile  or  nearly  so  in  organic  matter  and  long 
periods  of  time  are  involved  in  its  breakdown 
(Shoulders  and  McKee  1973).  Switzer  and  others  (1968 
showed  that  soils  of  a  southern  pine  ecosystem  con- 
tained 1,700  lb  (1  905  kg/ha)  of  total  nitrogen  per  acre 
but  only  34  lb  (38  kg/ha)  per  acre  were  available  for 
tree  growth.  Therefore  it  would  be  possible  for  western 
redcedar  to  have  a  greater  response  to  release  on  soils 
with  the  greater  amounts  of  available  nitrogen,  but  alsc 
a  poor  response  to  release  on  soils  with  the  large 
amounts  of  total  nitrogen  because  it  is  possible  that 
only  a  small  amount  of  the  total  soil  nitrogen  was 
available  for  tree  growth. 

Relationships  of  tree  growth  to  soil  nutrients  can 
easily  be  confounded  by  other  tree  and  site  variables. 
Elevation  and  aspect  can  influence  the  availability  of 
soil  nutrients  (Leaf  1956).  as  can  the  tree  genotype 
(Steinback  1971).  Likewise,  tree  rooting  habit  and  the 
ability  of  tree  roots  to  penetrate  forest  soils  can  affect 
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Table  6 —Soil  characteristics  associated  with  the  difference  bet1 


Significance 

Reg 

ression  coefficients 

Time 

period  since  release 
(years) 

0-5 

Time 

period  since 
(years) 

5-10 

release 

Variables 

0-5 

5-10 

10-15 

10-15 

Organic  matter  (%) 

NS 

NS 

Phosphorus  (ppm) 

NS 

NS 

Electrical  cond.  (^<mhos» 

NS 

NS 

NS 

Boron  (ppm) 

NS 

NS 

NS 

Zinc  (ppm) 

NS 

NS 

NS 

Manganese  (ppm) 

NS 

NS 

NS 

Nitrogen  (%) 

0.0031 

0.0001 

0.0001 

Ammonium  (ppm) 

NS 

NS 

Nitrate  (ppm) 

NS 

.0001 

NS 

Sulfate  (ppm) 

.0001 

0001 

NS 

.0989 

Copper  (ppm) 

.0001 

.0001 

NS 

Potassium/100  (ppm) 

.0001 

.0001 

.0001 

Iron  (ppm) 

.0263 

.0001 

NS 

.0010 

0045 

pH 

.0001 

.0001 

-  1  4210 

Predicted  growth 

.0004 

.0001 

1792 

2742 

Intercept 

7  1217 

R2 

.34 

'NS  =  nonsignificant  (P  <  005) 

Coefficients  not  estimated  for  nonsignificant  variables 

Table  7.— Selected  models  to  test  interactions  betweer 

Model  Form:  In  (DDS  "released")  -  In  (DOS  "nonrel* 
+  variable  (Invariable  (2) 


Variable  interaction 


0-5 


Total  N*K 

Total  N* Sulfate 

Total  N*Cu 

Total  N'Fe 

Total  N*pH 

Total  N'Ammonium 

Total  N* Nitrate 

pH'Sulfate 

pH'Cu 

pH'Fe 

pH*K 

pH'Nitrate 

pH'Ammonium 


NS' 
NS 
NS 
0.0220 
NS 
NS 
NS 
NS 
NS 
NS 
.3591 
NS 
NS 


3d  growth   - 


Significant  regression  coefficients 
Time  period  since  release  (years) 

5-10 

-  0.2780 
NS 

NS 
NS 
NS 


10-15 

NS 


'NS  =  nonsignificant  (P  <  005) 
Coefficients  not  estimated  for  nonsignificant  variables 


nutrient  uptake  (Armson   1965).  Stand  Ircalnu'iils.  such 
as  cleaning,  weeding,  and  thinning,  can  allei 
growth  nutrient  relationships  (Zinkc  1962:  Gai 
1964).  Also,  methods  used  to  assess  fertility  ol 
cultural  soils  when  used  for  fores!  soils  nil  in 

erroneous  data  (Waring  and  Youngberg  1972).  To 
better  assess  soil  fertility  ol  fores!  soils.  Lea 
Madgwick  ( 1960)  suggested  modifying  agricultural  soil 
tests  by  including  soil  volume  lo  belter  express  soil 
fertility. 
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TREE  FOLIAGE  CHARACTERISTICS 
ASSOCIATED  WITH  THE  RELEASE 
OF  WESTERN  REDCEDAR 
Literature  Review 

Foliar  nutrient  concentrations  can  be  mathematically 
related  to  various  forms  of  tree  growth.  Using  multiple 
regression  techniques,  Leyton  and  Armson  (1955) 
determined  the  eritical  threshold  amounts  of  foliar 
nitrogen  and  potassium  for  height  growth  of  Scots  pine 
(Finns  sylvestris   L.).  The  same  methods  were  used  to 
estimate  Japanese  larch  (Larix  leptolepsis  Murr.)  height 
growth  as  a  function  of  foliar  nutrient  concentrations 
(Leyton  1956).  Foliar  nutrient  quantities  can  be  used  to 
predict  basal  area,  height,  and  volume  growth  of  red 
pine  [Pinus  resinosa  Ait.)  (Hoyle  and  Mader  1964). 
Likewise,  amounts  of  nutrients  in  leaf  parts  are  related 
to  the  height  and  volume  growth  of  sycamore  (Platanus 
occidentalis  L.)  (Haines  and  others  1979).  Using  entire 
tree  populations.  Stone  and  others  (1958)  used  foliar 
nutrient  concentrations  to  predict  stand  volume.  Foliar 
concentrations  of  different  nutrients  can  be  used  to 
predict  site  index  as  demonstrated  by  Gagnon  (1964) 
and  Radwan  and  DeBell  (1980). 

Mathematical  models  predicting  tree  growth  using 
foliar  nutrients  can  help  identify  amounts  of  foliar 
nutrients  that  limit  tree  growth.  The  relationships  of 
tree  growth  to  foliar  nutrient  concentrations  have  been 
divided  into  a  region  of  deficiency,  a  region  of  critical 
amounts,  and  a  region  of  luxury  consumption  (Barrows 
1959;  Richards  and  Bavege  1972;  Everard  1973). 
Leyton  (1958),  when  investigating  critical  and  nutrient 
requirements  for  tree  growth,  found  it  easier  to  detect 
critical  nutrient  amounts  than  to  find  optimum 
amounts  or  to  predict  fertilizer  response. 

Critical  and  deficient  amounts  of  foliar  nutrients  for 
fruit  production  have  been  thoroughly  investigated 
(Sprague  1964)  and  are  continually  being  refined  for 
different  crops  and  soils  (Jones  and  others  1968: 
Embleton  and  Jones  1966;  Embleton  and  others  1971). 

Foliage  nutrient  concentrations  for  many  eastern 
conifer  (Lowry  and  Avard  1968,  1969;  White  1954), 
and  southern  conifer  (Wells  and  Metz  1963)  populations 
have  been  reported.  Foliar  nutrient  concentrations  for 
northwest  conifers  have  been  reported  by  Tarrant  and 
others  (1951),  Daubenmire  (1953),  and  Beaton  and 
others  (1965). 

In  addition  to  sampling  the  natural  variation  of  foliar 
nutrients  of  different  species,  more  specific  studies  were 
conducted  on  foliar  nutrient  deficiencies  in  conifers. 
Van  den  Burg  (1979)  reported  foliar  deficiency  levels  for 
nitrogen,  phosphorus,  potassium,  magnesium,  and 
manganese  in  three  spruce  species.  Likewise,  Gessel 
and  others  (1951)  reported  preliminary  results  that 
identified  foliar  nutrient  deficiencies  for  western 
redcedar,  and  later  Walker  and  others  (1955)  finalized 
tin  mineral  requirements  for  western  redcedar.  Powers 
(1976)  summarized  the  deficient  and  critical  foliar 
nutrient  concentrations  for  conifers,  hardwoods,  and 
field  crops. 

Besides  establishing  deficiency  levels  of  nutrients  for 
tree  growth,  many  studies  have  also  reported  the  foliar 
symptoms  of  nutrient  deficiencies.  Foliar  nutrient 


deficiencies  of  hardwoods  have  been  described  by 
Ashby  (1959),  Ashby  and  Mika  (1959),  Hacskaylo  and 
Struthers  (1959),  Ike  (1968),  Phares  and  Finn  (1972). 
Smith  (1976),  Perala  and  Sucoff  (1965).  and  Mader  and 
others  (1969).  Foliar  symptoms  of  mineral  deficiencies 
of  conifers  have  been  described  by  Walker  and  others 
(1955),  White  and  Wright  (1966).  and  Behan  (1968). 

Methods 

DATA  COLLECTION 

A  sample  of  the  most  recent  foliage  was  collected  at  a 
height  of  12  feet  (3.7  m)  and  from  the  north  side  of 
each  western  redcedar  tree  on  the  variable  radius  plots. 
As  the  foliage  was  collected,  its  color  was  identified 
using  the  Munsell  color  notation  system  (Munsell  Color 
Company  1952;  Hamilton  1960).  The  foliage  was  kept 
cold  until  it  was  chemically  analyzed  by  the  University 
of  Idaho  College  of  Agriculture  Plant  and  Soil  Analytical 
Laboratory.  These  chemical  tests  resulted  in  amounts 
of  12  foliar  nutrients  for  601  western  redcedar  trees  in 
this  study  (table  8). 

IDENTIFYING  SIGNIFICANT  ASSOCIATIONS 

Regression  analysis  was  used  to  identify  the  foliar 
variables  significantly  associated  with  the  release  of 
western  redcedar.  The  dependent  variable  in  the  regres- 
sion models  was  the  difference  between  the  DDS  for 
released  trees  and  the  predicted  nonreleased  DDS  for 
the  same  tree  (DDS  "released"  -  DDS  "nonreleased"). 
Twelve  foliar  variables  were  tested  for  association  with 
the  dependent  variable.  The  predicted  diameter  growth 
of  each  tree  was  included  in  each  regression  model  to 
eliminate  variation  not  related  to  the  release  response  oi 
the  sampled  trees.  The  transformed  diameter  increment 
for  the  10  years  after  treatment  was  used  as  the 
dependent  variable  in  the  regression  models. 

Foliar  nutrient  content  was  separated  by  foliar  color 
using  discriminant  analysis  in  which  1 1  Munsell  foliar 
colors  and  12  foliar  nutrients  were  used. 

Results 

The  diameter-growth  responses  of  601  western 
redcedars  to  release  from  overstory  and  surrounding 
competition  were  related  to  foliar  characteristics. 
Amounts  of  phosphorous  and  manganese  in  foliage  of 
western  redcedar  had  positive,  significant  relationships 
with  the  differences  between  released  diameter  growths 
and  predicted  nonreleased  diameter  growths.  These 
relationships  were  indicated  by  the  positive  significant 
coefficients  in  the  regression  models  for  the  phosphorus 
and  manganese  variables  (table  9).  These  coefficients 
were  evidence  that  western  redcedar  having  foliage 
with  the  greater  amounts  of  manganese  and  phos- 
phorus had  greater  diameter  growth  response  to  release 
than  western  redcedar  having  foliage  with  smaller 
amounts  of  manganese  and  phosphorus. 

Foliage  concentrations  of  iron,  sodium,  potassium, 
and  sulfur  had  negative  significant  relationships  with 
the  differences  in  diameter  growths  of  released  and 
predicted  nonreleased  western  redcedars.  The  negative 
regression  coefficients  for  foliar  iron,  sodium, 
potassium,  and  sulfur  indicated  that  the  diameter  incre- 
ment of  released  trees  with  the  higher  concentrations  oi 
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Table  8.  — Amounts  of  foliar  nutrients  for  601  released  western  re< 


Nutrient 


Zinc  (ppm) 
Manganese  (ppm) 
Copper  (ppm) 
Iron  (ppm) 
Sodium  (ppm) 
Potassium  (ppm) 
Calcium  (ppm) 
Magnesium  (ppm) 
Sulfur  (ppm) 
Boron  (ppm) 
Nitrogen  (%) 
Phosphorus  (%) 


Standard 

Mean 

deviation 

16.02 

3.01 

130.54 

34  90 

5.04 

1.16 

159.14 

75.75 

234.36 

89  79 

5,938.25 

12,678.57 

1,003.57 

173.83 

380.68 

41.77 

13.97 

3.54 

90 

.12 

.13 

rn 

Maximum 

23.80 

225.00 

7.50 


468.00 

22.65 

1.15 

i 


Minimum 

4,100.00 
600.00 

.63 

09 


Table  9.  — Foliar  nutrients  associated  with  the  d 


Nutrient 


Coefficient 


Zinc  (ppm) 
Manganese  (ppm) 
Copper  (ppm) 
Iron  (ppm) 
Sodium  (ppm) 
Potassium  (ppm)/100 
Calcium  (ppm) 
Magnesium  (ppm) 
Sulfur  (ppm) 
Boron  (ppm) 
Nitrogen  (%) 
Phosphorus  (%) 
Predicted  growth 
Intercept 

R2 


0.0034 

.0033 
.0042 
.0240 


0121 


55.9794 

.1999 

-2.0210 

.371 


Significance 
NS 


.0001 
.0001 
.0001 
NS 
NS 
.0001 
NS 
NS 
0001 


'NS  =  nonsignificant  (P  <  0.05) 
No  coefficients  given  for  nonsignificant  variables. 


these  foliar  nutrients  was  less  than  the  diameter  incle- 
ment of  released  trees  with  the  lower  concentrations. 

Using  two  variable  regression  models,  selected  inter- 
actions between  foliar  nutrients  were  tested.  Total 
nitrogen  and  phosphorus  appeared  to  have  no  si 
cant  interactions  with  other  foliar  nutrients  when  their 
association  with  the  release  response  ol  western  red- 
cedar  was  tested,  as  shown  in  the  following  tabulation: 

Variable  Significant 

interaction  coefficient 

Mg*  I'  NS 

Mil*  I'  .MS 

N*  I>  NS 

N*  Fe  NS 

N*  Na  NS 

N*  S  NS 

N*   Mg  NS 

N*  Mil  NS 

N*  K  NS 

NS  =   non-significant  (P<0.05) 
Model  Form:  In  (DI)S  "released"!  -   In  (I)I)S  '•non- 
released")  =   Predicted  growth   +   variable 
variable  (2)  +  variable  ( 1  )*variabli 


The  i  :  assi  i 

ei.ui  (I  with  III  ll)  dillerenec  between  released 

ised  tree  than  iwl  lis    Six 

percei  it  ol  I  wi  rn 

relca: 

lar  w.is  accounlei  .  sis  1 1\ 

i     Western  redcedar  i  recs  wit 
foliage  had  ;i  diain 

—  O.  I  fiti.  whereas  trees  with  green isl  vcllow 

■■  had  tin 

■  1 1   III   the   I  line 
for  I  he  dil 

ips  ol    loll. II    i 

ise  means  \\ 

ip  will]  the  I. 
lilt  respoi  i  Mow 

lominaicd  t he 

with  iwish 

had 
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Table  10.— Least  squares  diameter  growth  response  means  for  different  foliar  colors 


Color' 


Hue 


Value     Chroma 


Color 
description 


Growth  response2 
Least  squares  mean 


5.0  GY 

7 

8 

2.5  GY 

5 

6 

5.0  GY 

7 

10 

5.0  GY 

6 

8 

5.0  GY 

6 

6 

5.0  GY 

4 

6 

2.5  GY 

6 

8 

5.0  GY 

5 

8 

7.5  GY 

6 

10 

2.5  GY 

7 

8 

7.5  GY 

5 

6 

Green-yellow 
Yellowish  green-yellow 
Green-yellow 
Green-yellow 
Green-yellow 
Green-yellow 
Yellowish  green-yellow 
Green-yellow 
Greenish  green-yellow 
Yellowish  green-yellow 
Greenish  green-yellow 


-0.156  a3 

-  .284  a  b 

-  .354  a  b 

-  .362  a  b 
-.419a  be 

-  .497  a  b  c 

-  .566     b  c 
-.623 
-.649 
-.660 
-.874 


be 

be 
be 

c 


'Munsell  color  notation  (Munsell  Color  Company  1952). 

'Adjusted  for  time  since  treatment. 

'Different  letters  indicate  significant  differences  (P  <  0.05). 


Table  11.— Mean  foliar  nutrient  content  associated  with  foliar  colors  of  western  redcedar 


Color 

i 

Element 

H 

V 

C 

N 

P 

B 

Fe 

K 

Ca 

Mg 

S 

Cu 

Zn 

Mn 

Na 

-  -  -  Percent 

Parts/million  -  -  - 

2.5GY 

5 

6 

0.79         0 

11 

11.8 

170.0 

5,033 

17,077 

922 

362 

14.9 

20.2 

146 

195 

2.5GY 

7 

8 

.91 

12 

14.1 

147.9 

5,979 

14,375 

1,055 

386 

8.9 

18.3 

127 

202 

2.5GY 

6 

8 

.91 

12 

14.1 

150.3 

5,642 

14,210 

1,055 

377 

8.2 

17.2 

119 

230 

5.0GY 

6 

6 

.85 

12 

13.0 

151.5 

5,606 

14,930 

1,016 

371 

6.9 

17.1 

129 

228 

5.0GY 

4 

6 

.95 

13 

15.0 

172.4 

6,446 

13,405 

1,037 

393 

5.0 

18.1 

131 

203 

5.0GY 

7 

8 

.93 

13 

13.7 

129.6 

6,227 

13,032 

999 

390 

4.8 

16.2 

127 

192 

5.0GY 

6 

8 

.90 

13 

14.2 

159.4 

6,030 

13,158 

1,018 

376 

7.1 

16.5 

133 

238 

5.0GY 

5 

8 

.93 

13 

15.1 

168.0 

6,096 

12,170 

1,006 

391 

8.1 

16.7 

134 

255 

5.0GY 

7 

10 

.98 

13 

16.0 

138.6 

7,134 

11,037 

1,088 

410 

11.2 

17.6 

135 

227 

7.5GY 

5 

6 

.90 

12 

14.8 

217.7 

5,227 

15,427 

1,043 

415 

5.0 

15.3 

139 

230 

7.5GY 

6 

10 

.94 

12 

16.8 

154.0 

5,923 

13,795 

1,154 

387 

14.9 

15.2 

116 

324 

Deficiency 

3,910- 

1,000- 

608- 

-       2,402  - 

level 

<1.502 

402 

15.02 

10-802 

7,8202 

2.0002 

1,8902 

4,8042 

<3.03 

<5.03 

<164 

? 

'Munsell  color  notation  (Munsell  Color  Company  1952). 

2Walker  and  others  (1955). 

3For  conifers  (Powers  1976). 

"For  citrus  crops  (Reiseanauer  1976). 


Table  12.— Significant  differences  in  mean  nutrient  content  by  foliar  color 


Color' 


Hue 


Value      Chroma        No. 


10 


2.5  GY 

5 

2.5  GY 

7 

2.5  GY 

6 

5.0  GY 

6 

5.0  GY 

4 

5.0  GY 

7 

5.0  GY 

6 

5.0  GY 

5 

5.0  GY 

7 

7.5  GY 

5 

7.5  GY 

6 

10 

6 

10 


1 

• 

2 

— 

3 

D 

4 

D 

5 

D 

6 

D 

7 

D 

8 

D 

9 

D 

10 

D 

11 

D 

D 

. 

D 

— 

• 

D 

— 

D 

. 

D 

D 

D 

D 

— 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

'Munsell  color  notation  (Munsell  Color  Company  1952). 
2D  =  significant  differences  at  (P  <  0.05)  for  12  nutrients: 
B,  Fe,  N.  P.  K.  Ca.  Mg,  S,  Cu,  Zn,  Mn,  Na. 
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follows:  boron,  15  ppni:  nitrogen,  1.50  percent:  phos- 
phorns.  0.40  pereent;  and  sulfur,  2.402  ppni  (Walker 
and  others  1955)  (table  1  1 ).  In  the  foliage  of  ref 
western  redcedar.  however,  coneentralions  were  found 
to  be  low:  boron.  1  1.8  ppni:  nitrogen.  0.79  percent: 
phosphorus.  0.1  1  percent;  sulfur,  362  ppni.  Also  foliar 
amounts  of  potassium  and  magnesium  approached  tin- 
deficiency  concentrations  reported  by  Walker  and 
others  (1955)  for  western  redcedar. 

Discriminant  analysis  simultaneously  detected 
differences  in  the  mean  nutrient  contents  for  12 
different  nutrients  in  the  foliage  of  released  western 
redcedar.  Foliage  with  colors  5.0  GY  5/8,  7.5  G\ 
and  7.5  GY  6/10  were  individually  unique  in  nutrient 
content  (table  12).  Likewise,  foliage  with  color  2 
5/6  had  significantly  different  nutrient  content  than  all 
other  colored  foliage  except  foliage  with  color  2.5  GY 
7/8. 

Discussion 

Western  redcedar  foliar  characteristics  were  related  to 
the  differences  between  released  and  predicted  non- 
released  tree  diameter  growths.  Amounts  of  foliar 
manganese,  iron,  sodium,  potassium,  sulfur,  and  phos 
phorus  were  significantly  (P<(.).<)5)  related  to  the  dia- 
meter growth  response  of  western  redcedar. 

The  antagonistic  effect  of  one  plant  nutrient  to 
another  plant  nutrient  could  explain  sonic  ol  the  reki 
tionships  between  foliar  nutrients  and  the  response  ol 
western  redcedar  to  release.  Foliar  phosphorus  had  a 
positive  significant  relationship  with  the  re] 
response  of  western  redcedar  and  also  appeared  to  be 
deficient  when  compared  to  the  amounts  reported  by 
Walker  and  others  ( 1955).  Magnesium  can  restrict  the 
uptake  and  accumulation  of  phosphorus  by  trees  (Gysi 
and  others  1975).  In  contrast,  in  the  data  presented 
here  on  the  release  of  western  redcedar,  an  interaction 
between  magnesium  and  phosphorus  could  not  be  de- 
tected. Although  an  interaction  could  not  be  detected, 
larger  amounts  of  foliar  magnesium  could  possibly 
result  in  larger  amounts  ol  foliar  phosphorus,  which  in 
turn  could  result  in  greater  diameter  growth  response 
of  western  redcedar  to  release. 

The  negative  relationship  ol  foliar  potassium  to  the 
release  response  of  western  redcedar  from  competition 
could  be  caused  by  the  deficient  amount  of  nitrogen 
found  in  the  western  redcedar  foliage.  Nitroj 
known  to  interfere  with  the  uptake  and  accumulation  ol 
potassium  in  tree  foliage  (Brendenmuehl  1968;  Bcnzian 
and  Freeman  1967).  Therefore,  the  negative  relation- 
ship of  potassium  to  release  could  actually  be  a 
nitrogen  deficiency  expressed  by  potassium  even 
though  an  interaction  between  potassium  and  nitrogen 
could  not  be  detected.  Perhaps  no  interaction  was 
detected  because  potassium  is  highly  mobile  within  a 
tree  (Bukovac  and  Wittwer  1957);  therefore,  adequad 
amounts  for  foliage  metabolism  can  be  supplied 
through  redistribution  within  the  tree  (Switzer  and 
Nelson  1972). 

The  nitrogen  deficiencies  that  appeared  in  the 
of  released  western  redcedar  could  also  cause  (he  i 
tive  relationships  of  sodium  and  sulfcr  to  il 
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alter  release  when  compared  to  trees  growing  on  soils 
having  smaller  amounts  of  these  nutrients. 

Tree  characteristics  were  also  associated  with  the 
release  response  of  western  redcedar.  The  larger  the 
tree  diameter  at  the  time  of  release  the  greater  was  its 
growth  after  release.  Also,  the  younger  the  tree  at  the 
time  of  release  the  better  its  growth  after  release. 

Foliage  color  was  associated  with  tree  growth  and 
nutrient  content  of  the  foliage.  Trees  with  green-yellow 
foliage  had  greater  growth  rates  than  trees  with 
greenish-yellow  foliage.  Discriminant  analysis 
simultaneously  detected  differences  in  mean  nutrient 
contents  for  12  different  nutrients  in  the  foliage  of 
release'd  western  redcedar. 

The  results  of  this  study  emphasize  the  importance  of 
site,  stand,  and  tree  characteristics  in  the  amount  of 
response  western  redcedar  trees  have  after  they'  are 
released  from  overhead  and  surrounding  competition. 
The  species  will  respond  favorably  to  release, 
depending  on  tree  size,  tree  age,  habitat  type,  slope, 
aspect,  and  soil  nutrient  content. 
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The  Intermountain  Station,  headquarted  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
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RESEARCH  SUMMARY 

Changes  in  tree  number  and  basal  area  were 
examined  in  48  aspen  (Populus  tremuloides) 
stands  after  8  years  on  the  Wasatch  Plateau, 
central  Utah.  The  number  of  trees  declined  in  the 
aspen  stands  where  the  conifers  were  not 
increasing  (stable),  but  basal  area  did  not  change 
during  this  period.   In  serai  stands  both  number 
of  aspen  trees  and  basal  area  decreased  while 
conifers  increased  in  both  number  and  basal 
area.  Some  conifer  reproduction  did  appear  in 
the  stable  stands,  but  survival  rate  was  low.   A 
difference  in  structure  observed  between  stands 
dominated  by  white  fir  (Abies  concolor)  and 
stands  dominated  by  subalpine  fir  (Abies 
lasiocarpa)  was  linked  to  stand  age.   Rates  of 
increase  in  conifer  basal  area  were  not  much 
different  between  stands  dominated  by  white  fir 
and  those  dominated  by  subalpine  fir,  but  the 
rate  of  increase  in  conifer  tree  numbers  was 
nearly  double  in  the  stands  supporting  white  fir. 
Rate  of  aspen  tree  loss  in  the  stands  supporting 
white  fir  was  nearly  three  times  the  rate  of  loss 
in  stands  supporting  subalpine  fir. 


This  manuscript  was  approved  for  publication  by  Intermountain  Station  January  1982 


Intermountain 
Forest  and  Range 
Experiment  Station 
Ogden, UT  84401 

Research  Paper 
INT-297 

December  1982 


INTRODUCTIC 

Aspen  fPopulus 
tree  species  on  the 
1965).    This  featun 
flicting  hypotheses 


American  com 
en  has  contril 
ts  role  in  plan 


Generally,  aspen  forests  are  considers 

over  much  of  their  range  (Baker  1981,  Shirley  1941); 

however,  aspen  forests  are  also  no 

in  Canada  (Bird  1930,  Moss  i 

United  States  (Fetherolf  19 

Langenheim  1962).    N 

ecosystem  are  influenced  by  the  sue  tus  of 

aspen,  as  well  as  the  rate  o\'  succ< 

the  range,  wildlife,  and  watershed  attril 

stands  are  greatly  diminish 

established. 

Our  objectives  are  to 
structure  and  growth  rates  in  both 
relatively  stable  aspen  stands.    This  compai 
made  possible  by  the  remeasurement  o 
plots  established  by  K.  T.  Harper  for  si 
succession. 

STUDY  AREA 
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per  acre  were  summarized  by  1-inch  (2.54-cm)  size 
classes  on  each  macroplot.   The  size  class  designation 
denotes  the  smallest  diameter  included  in  the  size  class 
(for  example,  the  6-inch  [15.24cm]  size  class  includes 
all  diameters  from  6.0  to  6.9  inches  [15.24  to  17.53  cm]). 
Microplot  data  were  summarized  by  number  of 
trees  in  less  than  1  ft,  1  to  6  ft,  and  6  ft  tall  to  4-inch 
(<0.3  m,  0.3  to  1.8  m,  and  1.8  m  tall  to  10.16-cm) 
d.b.h.  size  classes  to  evalute  tree  reproduction  for  each 
plot.    Differences  in  tree  numbers  and  basal  area  bet- 
ween the  1969  and  1977  data  were  used  to  evaluate 
growth  rates. 

The  t  statistic  for  paired  observations  was  used  to 
evaluate  sample  differences  for  the  same  macroplots  in 
different  years.   The  general  t  statistic  for  unpaired 
means  was  used  to  evaluate  the  differences  between 
serai  and  stable  aspen  stands  (Ostle  and  Mensing  1963). 
Only  t-values  larger  than  tabular  values  in  the  0.05 
probability  column  were  declared  statistically 
significant. 

RESULTS  AND  DISCUSSION 
Aspen-White  Fir  Stands 

The  stable  stands  selected  in  the  white  fir  zone  range 
in  elevation  from  7,800  to  9,000  ft  (2  375  to  2  740  m) 
with  slopes  from  4  to  45  percent.   Exposure  generally 
ranges  northeast  to  northwest  with  one  plot  nearly  due 
south.   The  serai  aspen  stands  in  the  white  fir  zone 
range  in  elevation  from  7,800  to  8,900  ft  (2  375  to 
2  710  m).   Slopes  range  from  45  to  50  percent. 

Numbers. — The  number  of  trees  (d.b.h.  >4  inches 
[10.2  cm])  in  stable  aspen  stands  declined  10  percent 
between  1969  and  1977  (table  1).    Most  of  the  losses 
were  in  the  smaller  d.b.h.  size  classes.   The  number  of 
aspen  trees  under  4  inches  d.b.h.  U0.2  cm)  did  not 
change  significantly  between  1969  and  1977  on  the 
stable  plots.   There  may  have  been  an  increase  in  aspen 
in  the  two  size  classes  less  than  6  ft  (1.8  m)  tall,  but 
large  variations  in  the  number  of  trees  under  4  inches 
d.b.h.  among  the  stands  masked  the  effect.    Conifer 
reproduction  occurs,  but  most  trees  are  under  1  ft 
(0.3m)  tall  and  only  one  conifer  has  survived  to  reach 
tree  size  in  the  stable  aspen  stands. 

The  number  cf  aspen  trees  (d.b.h.  >4  inches  [10.2  cm]) 
in  the  serai  aspen  stands  declined  20  percent  while 


the  number  of  conifer  trees  increased  17  percent 
between  1969  and  1977  (table  1).    In  terms  of  stand 
composition  (table  2),  the  relative  number  of  aspen 
trees  declined  about  6  percent  while  white  fir  increased 
6  percent  in  number  of  trees  over  the  8-year  period. 
The  rest  of  the  conifers  showed  little  change  in  relative 
composition.   The  number  of  aspen  less  than  4  inches 
d.b.h.  in  the  serai  stands  was  not  significantly  different 
from  that  in  the  stable  stands,  except  for  the  class  over 
6  ft  (1.8  m)  tall  which  was  lower  (table  1).    Conifers 
less  than  1  ft  (0.3  m)  tall  were  numerous  in  1969  in  the 
serai  stands,  but  in  1977  showed  a  tenfold  decrease, 
probably  due  to  yearly  variation  in  conditions 
necessary  for  seedling  germination.    Conifer  numbers 
in  the  category  with  height  over  6  ft  (1.8  m),  but  less 
than  4   inches  (10.2  cm)  d.b.h.  were  not  particularly 
abundant  and,  as  in  the  4-  and  5-inch  (10.2-  and  12.7- 
cm)  d.b.h.  size  classes,  they  may  be  showing  the  effects 
of  competition  from  the  mature  conifers. 

The  number  of  aspen  trees  (d.b.h.  >4  inches 
[10.2  cm])    in  stable  stands  decreased  at  a  rate  of  1.3 
percent  per  year  (table  3).    In  serai  stands  the  rate  of 
loss  in  aspen  trees  was  2.5  percent  per  year  or  about 
double  that  observed  in  the  stable  stands.   Conifer 
numbers  increased  at  a  rate  of  2.1  percent  per  year 
in  the  serai  stands. 

Basal  Area: — The  stable  aspen  stands  did  not  change 
significantly  in  aspen  basal  area  between  1969  and  1977 
(table  4).    In  contrast,  aspen  basal  area  decreased  in 
the  serai  aspen  stands  and  conifer  basal  area  increased 
between  1969  and  1977.   The  relative  stand  basal  area 
of  aspen  declined  10  percent  over  the  8-year  period  in 
the  serai  stands  (table  2).    White  fir  basal  area  in- 
creased 8  percent  during  that  period. 

The  rate  of  loss  in  aspen  basal  area  was  1.3  percent 
per  year  in  the  serai  stands  (table  3).    In  contrast, 
conifer  basal  area  increased  at  a  rate  of  5  percent  per 
year,  with  white  fir  alone  increasing  6.4  percent  per 
year. 

The  serai  aspen  stands  had  a  greater  total  basal  area 
than  the  stable  aspen  stands  because  of  the  conifers. 
In  the  stable  stands,  the  lack  of  change  in  basal  area 
with  the  concomitant  decrease  in  trees  seems  to  indicate 
a  maturing  and  stabilizing  of  the  aspen  forest.    The 
decrease  in  aspen  basal  area  and  increase  in  conifer 
basal  area  in  the  serai  aspen  stand  is  viewed  as  the  nor- 
mal pattern  of  succession  to  conifers. 
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Table  2.—  Percent  composition  of  serai  aspen  cover  types  for  1969  and  1977  in  two  forest  types 
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67 
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56 
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Table  3.—  Rate  per  year  change  in  tree  numbers  (number/yr)  and  basal  area  (ft2/yr)  for  serai  and  stable  aspen 
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Aspen-Subalpine  Fir  Stands 

The  stable  and  serai  aspen  stands  selected  in  the 
subalpine  fir  /one  range  in  elevation  from  8,600  to 
10,500  ft  (2  620  to  3  200  m).    Exposures  lend  to  be 
northeast  to  northwest  at  the  lower  elevations  and 
southeast  to  southwest  at  the  higher  elevations.    Slopes 
range  from  2  to  45  percent. 

Numbers.— The  number  of  aspen  trees  (d.b 
inches  [10.2  cm])  in  the  stable  stands  did  not  change 
significantly  between  1969  and  1977  (table  1.)    Aspen 
reproduction  in  the  1-  to  6-ft  (0.3-  to  1.8-m)  class  in- 
creased significantly  between  1969  and  1977.    Conifer 
reproduction  was  present  in  the  stable  stands,  bin 
showed  little  tendency  to  grow  taller  than  6  ft  (1.8  m). 

The  number  of  aspen  trees  (d.b.h.    >4  inches 
[10.2  cm))  in  the  serai  stands  decreased  about  1  1 
cent  during  the  8-year  period  while  the  number  of 
fer  trees  (d.b.h.   >4  inches  [10.2cm  ]) increased  about 
6  percent  (table  1).    In  terms  of  stand  composition,  the 
relative  number  of  aspen  trees  decreased  4  : 
tween  the  2  years  and  conifer  trees  increased  4  percenl 
(table  2).    The  decline  in  aspen  tree  numbers  generally 
appeared  to  be  in  the  4-,  5-,  and  6-inch  ( 10. 2-,  I 
and  15.2-cm)  d.b.h.  si/e  classes.    Most  of  the  conifers 
that  established  on  the  plots  were  subalpine  fir.    The 


number  ol  ess  than  1  ft  (0.3  m)  tall  increased 

significantly  between  1969  and  1977  (table  1).    Conifers 
under  1  ft  (0.3  m)  tall  were  numerous  in  both  years, 
but  were  most  abundant  in  1969.    The  decreasing  num- 
ber of  conifer  regeneration  in  successively  larger  size 
classes  in  both  1969  and  1977  seems  to  be  related  to 
high  mortality  rates  in  the  early  years  of  life. 

Aspen  tree  numbers  declined  at  a  rate  of  1.4  percenl 
i  the  serai  aspen  stands,  but  did  not  change 
in  the  stable  stands  (table  3).    Conifer  numbers  in- 
ised  at  0.8  percenl  per  year  on  the  serai  stands. 
Basal  area.— There  was  no  significant  change  in  total 
i able  stands  between  196,9  and  1977. 
There  was,  however,  a  general  shift  to  larger  size 

table  4).    In  the  serai  stands,  the  aspen 
deci  nificantly  and  conifer  basal  area  increased 

significantly  between  1969  and  1977.    The  decline  in 
aspen  basal  area  in  the  serai  stands  appears  to  be 

b.h.  si/e  classes.    In  terms 
mcI  composition,  the  relative  basal  area  ol  aspen 
nl  between  1969  and  197",  and 
conifer  increased  8  percenl  with  subalpine  fir  ae- 
eoiui  most  of  the  conifer  increase  (table  2). 

Aspen  basal  area  declined  between  1969  and  1977  at  a 

ear  on  the  serai  stands,  while 
conn  a  rale  of  3.4  percent  per 

year  (table 


Aspen-White  Fir  Versus  Aspen- 
Subalpine  Fir 

The  serai  aspen-white  fir  stands  have  more  aspen 
trees  (mostly  in  the  4-  to  7-inch  [10.2-to  17.8-cm] 
d.b.h.  size  classes)  than  do  the  serai  aspen-subalpine  fir 
stands  (table  1);  however,  the  aspen-subalpine  fir 
stands  have  more  aspen  trees  over  8  inches  (20.3  cm). 
Conifer  trees  are  more  abundant  in  the  aspen-subalpine 
fir  stands  than  in  the  aspen-white  fir  stands  (table  1). 
This  trend  generally  holds  over  all  conifer  d.b.h.  size 
classes  but  especially  so  in  the  larger  d.b.h.  size  classes. 

There  was  little  difference  in  the  total  basal  area  of 
aspen  between  the  two  serai  types  (table  4).    In  1977, 
about  75  percent  of  the  aspen  basal  area  however  was 
in  the  smaller  (4-  to  7-inch  [10.2-  to  17.8-cm] )  d.b.h. 
size  classes  in  the  white  fir  stands,  while  in  the 
subalpine  fir  stands  only  about  45  percent  of  the  aspen 
basal  area  was  in  these  smaller  d.b.h.  size  classes. 
Conifer  basal  area  was  larger  in  the  aspen-subalpine  fir 
stands  than  in  the  aspen-white  fir  stands.    In  1977, 
conifer  basal  area  was  about  equal  in  the  serai  types  in 
the  4-  to  7-inch  (10.2-  to  17.8-cm)  d.b.h.  classes,  but 
there  was  more  conifer  basal  area  in  the  subalpine  fir 
type  in  the  larger  size  classes. 

Because  the  conifers  in  the  aspen-subalpine  fir  stands 
were  older  than  conifers  in  the  aspen-white  fir  stands, 
some  of  the  structural  differences  between  the  types 
can  be  explained.   The  average  age  of  the  oldest 
subalpine  fir  was  about  83  years,  the  average  age  of  the 
oldest  white  fir,  58  years  (table  5).   The  age  for  the 
subalpine  fir  coincides  with  a  period  of  very  heavy 
grazing  on  the  Wasatch  Plateau  (Keck  1972).    Such 
heavy  grazing  ceased  shortly  thereafter,  and  may  have 
released  the  conifers  by  reducing  trampling  and 
utilization. 

Differences  in  ages  between  the  conifers  in  the 
subalpine  fir  and  in  the  white  fir  stands  may  also  have 
been  influenced  by  fuel  wood  and  timber  harvesting 
activities.    In  about  1920,  the  Forst  Service  began  to 
control  and  manage  these  activities.   The  difference 
could  also  be  related  to  patterns  in  fire  suppression. 
The  average  age  of  the  oldest  aspen  tree  was  greater  in 
the  serai  aspen-subalpine  fir  stands  than  in  the  serai 
aspen-white  fir  stands  (table  5).   This  difference  in  age 


may  relate  to  the  burning  history  of  much  of  this 
country  and  to  the  likelihood  that  the  higher  subalpine 
fir  stands  did  not  burn  as  often  as  the  lower  white  fir 
stands. 


Management  Alternatives 

Aspen  forests  are  ideal  for  wildlife,  watershed, 
range,  and  recreation,  and  the  deleterious  effect  that 
conifer  succession  over  the  long  term  has  on  these 
values  suggests  that  management  practices  (such  as 
burning,  spraying,  or  cutting)  that  maintain  aspen 
would  be  beneficial.     A  discussion  of  ecological  trends 
for  these  values  in  aspen  is  included  in  Harniss  (1981). 
The  differing  successional  rates  for  the  white  and 
subalpine  fir  stands  suggested  by  the  basal  area  and 
number  of  trees  infer  that  the  associated  conifers 
should  be  considered  in  the  selection  of  aspen  stands 
for  manipulation.    Removal  of  conifers  from  the 
aspen-subalpine  fir  stands  would  maintain  multiple  use 
values  longer  because  of  slower  encroachment  of  fir 
and  spruce. 

The  consequences  of  letting  succession  proceed  to 
conifers  would  negatively  affect  range,  water, 
recreation,  and  wildlife  values.   Understory  production 
may  be  reduced  more  than  one-half  when  conifer  basal 
area  increases  to  20  ft    (1.9m  )  per  acre  (Harper  1973). 
Assuming  average  values  for  conifer  basal  area  and 
age  (table  5)  and  that  an  exponential  curve  would  ap- 
proximate conifer  growth  over  time  (Ward  and  Bartos 
1981),  20  ft2  (1.9  m  )  of  conifer  basal  area  would  oc- 
cur in  about  50  years  in  the  white  fir  stands  and  about 
67  years  in  the  subalpine  fir  stands.   Water  yields  are 
expected  to  decrease  5  percent  as  conifer  succession  oc- 
curs and  replaces  the  aspen-oak  forests  of  the  Unita 
Mountains  (Harper  1981).    Because  plant  diversity  and 
production  are  much  less  in  conifer  than  in  aspen  stan- 
ds, wildlife  habitat  is  reduced.    Many  recreational  ac- 
tivities are  linked  to  the  aspen  forest. 

Clearcutting  of  aspen-conifer  stands,  possible  for 
fuel  wood,  in  small  1-  to  4-acre  patches  would  decrease 
the  conifers  and  rejuvenate  the  aspen.   Setting  the 
aspen  back  to  the  suckering  stage  would  be  desirable  in 
many  mature  aspen  stands  where  more  wildlife  habitat 


Table  5.— Average  age  of  oldest  tree  in  the  stable  and  serai  aspen  types 


Age1 

Aspen-white 

fir 

Aspen- 

subalpine  fir 

Tree 

Stable 

Serai 

Stable 

Serai 

Aspen 
Conifer 

126.0  119.41 

121.9  A  9.0' 
58.6114.01 

140.6 +  37.31'2 

162.7±  37.32 
83.4±20.02 

1Age    ±  standard  deviation;  numbers  that  differ  in  same  row  are  significant  at  0.05  level. 


is  desired.    Selective  cutting  o\'  the  conifer- 
succession  for  Christmas  trees  or  poles  would 
an  aspen  stand  and  the  related  mi 

Burning  is  a  managemi  onifer 

because  (1)  it  is  a  natural  process  that  i  rred 

many  times  in  the  aspen  ecosystem 
patterns  are  beneficial  for  many  multiple-use  values, 
and  (3)  it  is  relatively  inexpensive. 

Spraying  might  be  a  valuable  tool  if  use 
quality  multiple-use  sites  in  areas  that  are  not  \ 
and  not  accessible  to  or  little  used  by  the  public.    Time 
of  spraying  might  be  used  to  selectively  kill  only 
conifers  or  aspen  or  both  < 

concentration  might  b  rtain 

percent  kill  or  perhaps  to  initi 
weakening  the  overstory  aspen. 

On  sites  where  the  conifers  timber  growth  and 
is  high  and  the  other  resources  values  ai  idary, 

succession  should  be  accelerated  by  eliminatim 
aspen. 
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Changes  in  tree  number  and  basal  area  were  examined  in  48  aspen  (Populus 
tremuloides)  stands  after  8  years  on  the  Wasatch  Plateau,  central  Utah.   The 
number  of  trees  declined  in  stable  aspen  stands,  but  basal  area  did  not  change 
during  this  period.    In  the  serai  stands,  number  of  aspen  trees  and  basal  area 
decreased  while  conifers  increased  in  number  and  basal  area.   Some  conifer 
reproduction  did  appear  in  the  stable  stands,  but  survival  rate  was  low.   A  difference 
in  structure  between  stands  dominated  by  white  fir  (Abies  concolor)  and  stands 
dominated  by  subalpine  fir  (Abies  lasiocarpa)  was  linked  to  stand  age.    Rates  of 
increase  in  conifer  basal  area  were  not  much  different  between  stands  dominated 
by  white  fir  or  by  subalpine  fir,  but  the  rate  of  increase  in  conifer  tree  numbers  was 
nearly  double  in  the  white  fir  stands.    Rate  of  aspen  tree  loss  in  the  white  fir  stands 
was  nearly  three  times  greater  than  the  raie  of  loss  in  the  subalpine  fir  stands. 


KEYWORDS:   stable  aspen,  serai  aspen,  succession,  Utah, tree  numbers,  tree 
basal  area,  stand  dynamics 


The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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RESEARCH  SUMMARY 

Histological  analyses  of  pollutant-caused  necrosis  of 
Pinus  ponderosa  and  Pseudotsuga  menziesii  current- 
year  foliage  laboratory-fumigated  with  hydrogen  fluoride, 
sulfur  dioxide,  and  ethyl  mercaptan,  showed  that  necro- 
sis caused  by  phytotoxic  gases  can  be  differentiated 
from  that  induced  by  winter  drying,  drought,  and  salt. 
Hypertrophy  and  hyperplasia  of  vascular  parenchyma, 
endodermis  collapse,  and  intense  vascular  staining  were 
characteristic  of  injury  caused  by  the  pollutants  in  both 
species,  but  were  not  found  in  needles  injured  by  the 
other  causes. 

Similar  analyses  were  done  on  necrotic  2-  to  3-year-old 
conifer  foliage  collected  in  the  field  near  industrial 
sources  of  fluoride,  sulfur  dioxide,  mercaptans,  and 
hydrogen  sulfide  and  from  specimens  collected  from 
sites  known  to  have  been  injured  by  winter  drying. 
Species  included  Pinus  contorta,  Pinus  ponderosa, 
Pseudotsuga  menziesii,  Pinus  sylvestris,  and  Pinus  flex- 
Ms.  As  in  the  laboratory  fumigations,  winter  drying  in- 
jury was  readily  distinguished  from  that  caused  by 
phytotoxic  gases.  The  internal  symptoms  caused  by  in- 
dustrial fumigations  were  similar  to  those  induced  by 
gases  under  controlled  conditions  and  symptoms  of 
winter  drying  from  field-collected  specimens  were 
similar  to  those  simulated  in  the  laboratory.  These 
results  differ  substantially  from  conclusions  reached  in 
a  similar  study  in  1973.  The  present  study  shows  that 
histological  analysis  should  be  useful  in  diagnosing  air 
pollution-induced  injury  and  damage  in  coniferous 
forests. 


The  use  of  trade,  firm,  or  corporation  names  in  this  publication  is  for  the  informa- 
tion and  convenience  of  the  reader.  Such  use  does  not  constitute  an  official  en- 
dorsement or  approval  by  the  U.S.  Department  of  Agriculture  of  any  product  or 
service  to  the  exclusion  of  others  which  may  be  suitable. 
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INTRODUCTION 

Conifer  needle  necrosis  and  chlorosis  can  be  induced  by 
several  agents  including  salt  (Spotts  and  others  1972);  winter 
drought  (Carlson  and  Meyer  1973);  air  pollutants  including 
fluoride,  sulfur  oxides,  reduced  sulfurs  (Treshow  and  Pack  1970; 
Carlson  and  others  1974;  Weinstein  1977);  and  presumably  other 
causes.  Field  studies  of  air  pollution-related  injury  and  damage 
to  conifers  near  emitting  sources  involve  a  great  deal  of  subjec- 
tivity in  the  identification  of  cause.  Even  though  foliar  chemical 
analyses  may  indicate  accumulation  of  a  pollutant  in  a  forest, 
relationships  of  needle  abnormalities  to  the  contaminant  may  re- 
main obscure  (Treshow  1969).  Solberg  and  Adams  (1956), 
Carlson  and  Dewey  (1971),  and  Gordon  (1972)  suggested  that 
light  microscopy  of  sections  of  affected  needles  may  be  diag- 
nostic. Sections  were  made  in  a  transition  zone  defined  as  a 
ca.  0.08  in  (2  mm)  needle  segment  that  includes  healthy,  chlo- 
rotic,  and  necrotic  tissue.  However,  Stewart  and  others  (1973) 
claimed  that  fluoride,  salt,  and  winter  damage  caused  virtually 
identical  histological  changes  within  symptomatic  needles. 

The  purpose  of  this  research  was  to  determine  whether  abiotic- 
causes  of  necrosis  induce  differential  symptomatology  in  conifer 
needle  tissue;  the  work  involved  laboratory  and  field  studies. 

METHODS 

Laboratory  Study 

Two-year-old  Pseudotsuga  menziesit  and  Pinus ponderosa 
seedlings  were  obtained  in  late  winter  from  the  Forest  Service 
nursery  at  Coeur  d'Alene,  Idaho,  transplanted  while  dormant 
to  8-inch  clay  pots,  and  placed  in  a  greenhouse.  The  potting 
medium  was  70  percent  nursery  soil  and  30  percent  composted 
sawdust.  No  fertilizer  was  added,  and  pots  were  watered  even!) 
every  3  or  4  days.  Greenhouse  temperature  and  humidity  were 
recorded  on  a  hygrothermograph  throughout  the  experiment . 
The  first  2  weeks  following  transplanting,  greenhouse  temper- 
ature was  kept  at  ca.  50°  F(10°  C)  and  photoperiod  at  16  hours 


with  550  fc  (foot-candles)  to  minimize  transplant  shock.  Tem- 
perature then  was  increased  to  70°  F  (21°  C)  during  the  day  and 
was  allowed  to  drop  to  50°  F  ( 10°  C)  at  night .  Bud  break  oc- 
curred ca.  3  weeks  after  transplanting.  Needle  development  ap- 
peared normal  and  there  was  no  visible  evidence  of  transplant 
shock.  Four  months  after  transplanting,  new  foliage  was  fully 
elongated  and  the  seedlings  were  physiologically  active.  By  this 
time,  temperature  fluctuated  diurnally  between  50°  to  91°  F  ( 10° 
to  33°  C)  and  light  intensity  varied  between  500  and  6,000  fc, 
depending  on  cloud  cover.  Relative  humidity  varied  from  45  to 
85  percent,  averaging  ca.  65  percent.  Seedlings  did  not  exhibit 
adverse  effects  due  to  greenhouse  environmental  conditions. 

Several  phytotoxic  gases  commonly  emitted  from  industrial 
sources  located  near  coniferous  forests  and  other  abiotic  stresses 
often  suggested  as  alternative  causes  of  foliar  injury  were  selected 
as  treatments.  Seedlings  of  each  species  were  randomly  segre- 
gated into  eight  groups  of  ten  each.  Each  group  of  ten  seedlings 
was  subjected  to  one  of  the  following  randomly  assigned  treat 
ments:  control,  excessive  salt,  drought,  simulated  winter  drying, 
sulfur  dioxide  (SO-,),  hydrogen  sulfide  (H-.S),  ethyl  mercaptan 
(C-,HflS),  and  hydrogen  fluoride  (HI).  All  treatments  except 
controls  were  administered  specifically  to  develop  foliar  injury; 
when  injury  was  noted  seedlings  were  removed  to  the  normal 
greenhouse  environment.  I  reatments  are  detailed  below  . 

CONTROL 

Seedlings  were  placed  in  a  stainless  steel  chamber  of  18  ft3 
(.51  irr)  internal  volume  with  plexiglass  rool  and  windows.  The 
chamber  was  refrigerated  to  maintain  relatively  constant  temper- 
atures and  light  was  provided  with  a  bank  o\  fluorescent  and  in 
candescent  lights  emitting  about  1,500  feat  tree  level.  Temper- 
ature was  maintained  at  68'  to  77    I  (20°to25    C)  and  relative 
humidity  at  50  to  60  percent. 

Charcoal-filtered  air  was  supplied  to  the  chamber  through  a 
Worthington  air  compressor  at  ca.  1 .77  ft  /min  (50  l/min)  for  72 
hours.  Seedlings  were  then  removed  to  the  normal  greenhouse 
environment . 


SALT 

Seedlings  were  placed  in  a  separate  watering  tray  and  watered 
every  2  to  3  days  for  7  weeks  with  a  1 .2  percent  (12,000  ppm) 
solution  of  NaCl  according  to  Spotts  and  others  (1972).  Salt-free 
water  then  was  applied  for  the  duration  of  the  experiment. 

DROUGHT 

Water  was  withheld  from  the  seedlings  for  22  days,  at  which 
time  needles  showed  obvious  visible  symptoms  of  moisture 
stress.  Normal  watering  then  was  resumed. 

SIMULATED  WINTER  DRYING 

A  sheet  of  1/2-inch  ( 1 .26-cm)  thick  plywood  was  fitted  to  the 
top  of  a  chest-type  freezer.  Holes  were  cut  large  enough  in  the 
wood  to  allow  insertion  of  the  lower  portion  of  the  pots;  the  pot 
lip  prevented  the  container  from  falling  through  the  hole.  The 
freezer  lid  was  left  open,  the  board  was  placed  over  the  opening, 
and  the  pots  with  seedlings  were  inserted  (fig.  1).  Freezer  temper- 
ature was  maintained  at  0°  F  (-18°  C),  effectively  freezing  the 
soil  and  seedling  roots  while  the  tops  remained  at  greenhouse 
temperature.  Soil  and  freezer  temperatures  were  monitored 
daily.  After  3  days  of  freezing,  a  small  oscillating  fan  was  placed 
about  8.2  ft  (2.5  m)  from  the  freezer;  the  fan  cast  a  light  breeze 
over  the  seedlings.  Except  for  the  relatively  high  greenhouse 
temperatures,  this  treatment  simulated  winter  drought  condi- 
tions. Foliar  chlorosis  appeared  2  days  later  and  the  treatment 
was  discontinued.  The  pots  then  were  placed  in  the  normal 
greenhouse  environment. 


Figure  1  .—Apparatus  used  to  induce  winter  dry- 
ing. The  pot  bases  were  subjected  to  freezing 
temperatures,  freezing  the  soil  and  root  sys- 
tems, while  the  stems  and  needles  were  main- 
tained at  greenhouse  temperature.  A  light 
breeze  generated  by  a  small  fan  directed  over 
the  seedlings  completed  the  winter  drying 
simulation. 

SULFUR  DIOXIDE 

Seedlings  were  placed  in  the  chamber  described  for  the  control 
treatment.  Sulfur  dioxide  was  obtained  from  Matheson  Gas  Co. 
in  a  pressurized  tank  at  1  percent  S02  in  air.  Tank  S02  was 
diluted  with  charcoal-filtered  air  through  a  mass  flowmeter  to 


achieve  5  ppm  V/v  in  the  airstream  to  the  chamber.  Air  was  sup- 
plied through  a  Worthington  air  compressor;  flow  was  measured 
with  a  Matheson  #605  Flowmeter.  Chamber  concentrations  were 
not  directly  measured  for  sulfur  dioxide  nor  for  any  of  the  other 
gas  treatments.     Corrections  for  barometric  pressure  and  air  tern  - 
peratures  were  made  as  needed.    Flow  rate  was  maintained  at 
1 .77  ft3/min   (50  1/min)  until  symptoms  appeared  on  the  needles, 
about  6  hours  later.  Seedlings  were  then  removed  to  the  normal 
greenhouse  environment. 

HYDROGEN  SULFIDE 

Hydrogen  sulfide  was  obtained  from  Matheson  in  a  pressur- 
ized tank  at  1 .20  percent  in  helium.  The  gas  was  delivered  to  the 
seedlings  at  50  ppm  for  8  hours  as  described  for  S02. 

ETHYL  MERCAPTAN 

Ethyl  mercaptan  was  obtained  from  Matheson  at  1.28  percent 
in  pure  nitrogen  and  administered  to  the  plants  for  10  hours  at  50 
ppm  as  described  for  SO->. 

HYDROGEN  FLUORIDE 

Hydrogen  fluoride  at  1 13  ppm  in  air  was  obtained  from 
Matheson  and  delivered  to  the  plants  at  5  ppb  as  described  for 
S02.  Injury  appeared  within  3  hours  and  the  seedlings  were 
removed  from  the  chamber  to  the  normal  greenhouse 
environment. 

Symptomatic  current-year  needles  from  each  of  the  treatments 
were  collected  within  2  weeks  of  injury.  Specimens  were  killed 
and  fixed  in  formalin-acetic-alcohol  (FAA),  dehydrated  through 
tertiary  butyl  alcohol,  and  embedded  in  paraffin  (Johansen 
1940).  Serial  longitudinal  and  transverse  sections  of  the  entire 
transition  zone  were  cut  to  4.72  x   10  ~4  inch  (12  microns) 
thickness  on  a  rotary  microtome,  stained  with  a  Feulgen's  and 
fast -green  schedule,  and  observed  and  photographed  through  a 
phase-contrast  microscope.  The  transition  zone  is  the  more  or 
less  gradual  boundary  between  and  including  green  and  necrotic 
needle  tissue.  Thus,  the  serial  sections  included  necrotic,  chlo- 
rotic,  and  green  tissue.  This  is  the  region  in  which  one  would  ex- 
pect to  observe  developmental  symptoms  of  internal  injury  to 
needle  tissues  and  to  have  the  greatest  probability  of  noting  dif- 
ferences between  injuries  caused  by  different  agents. 


Field  Study 

To  determine  whether  conifer  foliage  in  field  situations 
developed  symptoms  similar  to  those  observed  in  the  laboratory 
study,  representative  necrotic  needles  of  various  ages  were  col- 
lected from  trees  near  seven  industries  known  to  emit  phytotoxic 
gases  and  from  trees  in  two  areas  damaged  by  winter  drying. 
Sampling  locations,  major  abiotic  agents,  sample  size,  and 
species  are  shown  in  table  1 . 

Necrotic  needles  in  fluoride-polluted  ecosystems  were  col- 
lected near  an  aluminum  plant  at  Columbia  Falls,  Mont.;  near 
two  aluminum  plants  in  the  Rhone  Valley  of  Switzerland;  and 
near  a  phosphorus  plant  at  Ramsay,  Mont.  Conifer  needle 
samples  within  sulfur  dioxide-polluted  areas  were  collected 
near  a  lead  smelter  at  Helena,  Mont.,  and  a  copper  smelter  at 
Anaconda,  Mont.  Needles  presumably  injured  by  hydrogen 
sulfide  were  collected  near  a  geothermal  complex  in  California. 
Conifer  foliage  injured  by  a  complex  of  sulfur  dioxide,  hydrogen 


Table  1.— Sampling  locations,  major  abiotic  agent,  species,  number  of  trees  sampled,  and  age 
of  sectioned  needles  of  field-collected  specimens 


Major 
abiotic  agents 


Hydrogen  fluoride 


Collection  location 


Anaconda  Aluminum  Co., 
Columbia  Falls,  Mont. 


Rhone  Valley,  Switzerland 
(aluminum  production) 

Stauffer  Chemical  Co., 
Ramsay,  Mont. 
(phosphorus  production) 


Species 


Pmus  contorta 
Pinus  ponderosa 
Pseudotsuga  menziesii 

Pmus  sylvestris 


Pinus  contorta 
Pinus  ponderosa 


Number  of 

Age  of 

trees 

sectioned 

sampled 

needles 

Years 

20 

2 

15 

2 

10 

3 

10 


ASARCO  Lead  Smelter, 
Helena,  Mont. 


Pinus  ponderosa 


Sulfur  dioxide 


Anaconda  Copper  Smelter, 
Anaconda,  Mont. 


Pseudotsuga  menziesii 
Pinus  contorta 
Pinus  flexilis 


Hydrogen  sulfide 


Geothermal  Complex, 
Geyserville,  Calif. 


Pinus  ponderosa 


2,3 


Sulfur  dioxide, 
hydrogen  sulfide, 
methyl  mercaptan 
complex 


Hoerner-Waldorf  Pulp  and 
Paper  Mill,  Missoula,  Mont. 


Pseudotsuga  menziesii  25 

Pmus  ponderosa  5 


2,3 
2 


Winter  drying 


Blackfoot  Valley,  NE  of 
Missoula,  Mont. 

East  Glacier,  Mont. 


Pinus  ponderosa 


Pinus  contorta 


sulfide,  and  methyl  mercaptan  was  collected  near  a  pulp  and 
papermill  at  Missoula,  Mont.  Specimens  representing  winter  in- 
jury were  collected  in  the  Blackfoot  Valley  ca.  20  miles  east  of 
Missoula,  Mont.,  and  near  East  Glacier,  Mont. 

Presence  of  airborne  phytotoxic  gases  near  the  industrial 
sources  was  assumed.  The  assumption  was  based  on  the  publica- 
tions cited  below  and  on  personal  knowledge.  Air  samples  were 
not  taken  for  pollutant  analysis  at  the  time  foliage  samples  were 
collected.  Huoride  emissions  from  an  aluminum  plant  in  north 
western  Montana  were  described  by  the  State  of  Montana  ( 1974). 
Wood  ( 1 968)  discussed  fluorides  emitted  by  phosphorus 
manufacturing  facilities  and  the  release  of  sulfur  dioxide  from 
copper  and  lead  smelting  operations.  Hydrogen  sulfide  released 
from  geothermal  energy  production  in  California  was  described 


by  Miller,1  whereas  reduced  sulfurs  from  a  pulp  and  paper  mill  in 
western  Montana  were  documented  by  Berg  and  others  (1973). 
Carlson  and  Meyer  (1973)  documented  the  occurrence  of  the 
winter  injury  episode  in  the  Blackfoot  Valley  in  western  Montana. 

Field-collected  specimens  were  2  io  3  sears  old  because  little 
necrosis  was  found  on  first-year  needles,  whereas  current-yeai 
foliage  was  sampled  in  the  laboratory  study.  The  numbers  of 
field-collected  specimens  sectioned  and  observed  by  causal  agent 
were:  fluoride,  64;  sulfur  dioxide,  16;  reduced  sulfurs,  30;  winter 
damage,  4;  and  control,  20.  All  collected  specimens  were  em- 
bedded, sectioned,  and  stained  as  described  for  the  laborator} 
study. 
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RESULTS  AND  DISCUSSION 

Laboratory  Study 

Finns ponderosa  and  Pseudotsuga  menziesii  responded  nearly 
identically  within  treatments  and  the  symptoms  (responses  to 
treatment)  described  below  apply  to  both  species.  Unless  other- 
wise stated,  all  observations  in  the  laboratory  study  refer  to 
the  chlorotic  region  within  the  transition  zone  on  current-year 
foliage.  Figures  2  through  5  show  macroscopic  responses  of  both 
species  to  control  and  sulfur  dioxide  fumigations. 

CONTROL 

Needles  remained  green  and  healthy  throughout  the  experi- 
ment (figs.  2,  4).  Cells  of  all  internal  tissues  appeared  turgid  and 
normal,  with  little  or  no  plasmolysis  caused  by  the  histological 
procedures  (fig.  6).  Plastids  were  dispersed  within  the  chloren- 
chyma  and  were  not  granulated  (table  2  and  fig.  7).  Xylem  cells 
were  stained  light  pink  and  living  cells  light  greenish-blue.  Stain- 
ing was  normally  differentiated  with  no  obvious  accumulation  or 
intensification  within  the  vascular  tissues  (fig.  8). 

SALT 

Needles  showed  symptoms  of  salt  toxicity  within  15  to  20  days 
following  the  initial  treatment.  Chlorosis  appeared  at  the  tip, 
middle,  or  base  and  was  independent  of  species  or  individual. 
Usually  the  transition  zone  was  diffuse,  not  distinct.  In  all  cases, 
symptoms  intensified  until  the  trees  were  dead,  even  though 
fresh  water  replaced  the  salt  treatments  soon  after  the  onset  of 
symptoms.  Mesophyll  chlorenchyma  plasmolyzed  extensively 
and  most  plastids  were  destroyed  (figs.  9,  10).  Endodermal  cells 
in  the  region  of  plasmolyzed  mesophyll  remained  turgid  and  in- 
tact but  xylem,  phloem,  and  transfusion  parenchyma  collapsed 
(table  2).  Phloem  elements  virtually  disintegrated,  and  there  was 
no  obvious  accumulation  of  stain  within  the  transition  zone 
(fig.  10). 

DROUGHT 

Chlorosis  most  often  appeared  first  at  the  needle  base  and  pro- 
gressed acropetally.  No  distinct  transition  zone  was  formed. 
Mesophyll  cells  collapsed  but  did  not  plasmolyze  as  in  the  salt 
treatment  (table  2).  All  other  living  cell  types  collapsed  except 
the  endodermis  (fig.  11).  No  obvious  accumulation  of  stain  oc- 
curred within  the  transition  zone. 

WINTER  DRYING 

The  syndrome  for  winter  drying  (table  2)  was  virtually  the 
same  as  for  drought  except  that  injury  appeared  much  sooner, 
within  3  to  5  days  (figs.  12,  13). 

SULFUR  DIOXIDE 

Chlorosis  appeared  near  or  at  the  tips  within  3  to  8  hours 
following  fumigation  and  an  abrupt,  distinct  transition  zone 
developed  (figs.  3,  5).  Sporadic  collapse  of  the  mesophyll  oc- 
curred, and  plastids  clumped  near  the  plasmalemma.  Endo- 
dermis cells  in  contact  with  a  necrotic  mesophyll  chlorenchyma 
collapsed  (figs.  14,  15).  Xylem,  phloem,  and  transfusion  paren- 
chyma and  phloem  elements  showed  extensive  hypertrophy  and 
hyperplasia.  Epithelial  cells  hypertrophied,  occluding  the  resin 
canals  (fig.  16).  An  intense,  purple-red  stain  developed  in  the 
vascular  tissues  and  extended  basipetally  into  the  region  of  non- 
damaged  mesophyll  (table  2). 


HYDROGEN  FLUORIDE,  HYDROGEN  SULFIDE,  AND 
ETHYL  MERCAPTAN 

The  internal  syndrome  induced  by  these  pollutants  was  in- 
distinguishable from  that  caused  by  S02  (table  2  and  figs. 
17-19).  However,  H2S  caused  necrosis  to  only  the  needle  tips, 
whereas  F~  and  C2H6S  injury  initially  appeared  slightly  below 
the  tips  and  progressed  acropetally  and  basipetally.  Also, 
tracheid  cell  walls  were  stained  yellowish  in  needles  injured  by 
H2S,  unlike  the  light  red  in  needles  injured  by  the  other  gases. 

Field  Study 

Control  specimens  were  histologically  similar  to  those  of  the 
laboratory  study  (fig.  20).  Similarly,  symptoms  in  the  transition 
zones  of  field-collected  needles  within  polluted  areas  were  iden- 
tical with  symptoms  induced  by  gaseous  pollutants  in  the  green- 
house study  (figs.  23-28).  Plastids  clumped  in  the  mesophyll 
parenchyma;  endodermis  collapsed  when  in  contact  with 
damaged  mesophyll;  and  phloem,  xylem,  and  transfusion  paren- 
chyma and  epithelial  cells  divided  excessively  and  became  abnor- 
mally large.  Resin  ducts  were  occluded  by  the  hypertrophy  of 
epithelial  cells.  An  intense  purple-red  stain  developed  in  the 
vascular  tissue  extending  well  into  the  area  of  nondamaged  meso- 
phyll. The  total  syndrome  was  similar  regardless  of  pollutant  or 
species;  for  example,  it  was  not  possible  to  differentiate  fluoride 
injury  from  S02,  and  all  species  and  needle  ages  responded 
similarly. 

Winter  drying,  however,  was  dissimilar  to  pollutant  injury; 
this  difference  also  was  observed  in  the  laboratory  study. 
Mesophyll  collapsed,  endodermis  remained  turgid  even  when 
in  contact  with  collapsed,  necrotic  mesophyll,  and  no  hyper- 
trophy or  hyperplasia  occurred  in  the  parenchyma  (figs. 21, 
22).  Epithelial  cells  in  winter-dried  specimens  were  hyper- 
trophied, often  occluding  the  resin  canals.  No  intense  stain 
developed  in  the  vascular  cylinder  such  as  occurred  with  gas- 
injured  specimens;  the  symptoms  were  similar  among  the  dif- 
ferent species  and  needles  of  various  ages. 

Histological  differentiation  of  needle  necrosis  has  not  been 
clearly  defined.  Solberg  and  others  (1955)  and  Solberg  and 
Adams  (1956)  showed  that  HF  and  SO->  disrupted  vascular 
tissues  and  caused  hypertrophy  and  hyperplasia  of  vascular 
parenchyma.  They  indicated  that  HF  injury  could  be  distin- 
guished from  S02.  Evans  and  Miller  (1972,  1975)  stated  that 
S02,  suspected  winter  injury,  and  ozone  injury  could  be 
distinguished  histologically  in  that  SO   disrupted  and  dissolved 
cytoplasmic  constituents  of  all  needle  tissues,  whereas  ozone 
injured  only  the  plicate  parenchyma  and  winter  fleck  caused 
abnormalities  within  the  phloem  and  transfusion  cells.  Their 
sections  were  taken  adjacent  to  necrotic  lesions  and  not  within 
a  transition  zone  as  described  in  this  paper.  Also,  their  winter 
injury  was  suspected  to  be  direct  cold  injury  and  not  of  the 
drying  type.  Stewart  and  others  (1973)  were  not  able  to 
distinguish  between  symptoms  of  S02,  HF,  and  winter  injury. 
They  observed  hypertrophy  of  phloem  cells  and  mesophyll 
parenchyma  cells  when  natural  senescence,  drought,  and 
fluoride  were  causes  of  necrosis.  Consequently,  Stewart  and 
others  (1973)  saw  little  value  in  the  use  of  histological  inter- 
pretations to  differentiate  among  various  environmental 
stresses.  Conversely,  biotic  causes  usually  are  easily  diagnosed 
histologically  by  signs  of  the  causal  organism. 


Table  2.  — Qualitative  comparison  of  experimentally  induced  abiotic  stresses  on  various  Pseudotsuga  menziesu  and  Pmus  ponderosa  needle 
tissues' 


External 
symptomatology 


Mesophyll 


Transfusion 
parenchyma 


Xylem 
parenchyma 


Phloem 
parenchyma 


Epithelial 
cells 


Control 


Needles  re- 

Fully  turgid. 

Intact, 

m, lined  deep 

plastids  not 

turgid 

green 

clumped, 
dispersed 

Turgid 


Turgid 


Turgid 


Turgid 


Turgid 


Salt,  12,000 

Chlorosis  of 

Extreme 

Inact,  turgid 

Collapsed 

r.i  iikip'.,.-ii 

ppm  in  tap- 

base,  middle,  or 

plasmolysis. 

water 

tip  within  15-20 
days,  zone  be- 
tween necrotic 
and  green  tissue 
not  distinct 

chloroplasts 
destroyed 

Drought 

Chlonsis  and 

Collapsed, 

Intact. 

Collapsed 

i  i  .ii.jp  ,.'(1 

water 

necrosis  within 

but  not 

turgid 

withheld 

15-25  days, 
often  progress- 
ing acropetally 
from  base  Dif- 
fuse, no  distinct 
banding 
Needles  twist 

plasmolyzed 

Winter  dry 

Same  as 

Collapse 

Intact, 

Collapsed 

Collapsed 

ing,  roots 

drought,  but  in- 

turgid 

frozen. 

jury  occurs 

25-30°C. 

within  3-5  days 

slight 

breeze 

Sulfur  diox- 

Chlorosis at  tips 

Clumping  of 

Collapsed 

Hypertrophy 

Hypertrophy 

ide,  5  ppm 

or  slightly  prox- 

plastids. 

where 

and 

and 

imal  to  tip 

•..(in  it- 

mesophyll 

hyperplasia 

hyper|  1  i'.i.i 

within  3-8  h, 

collapse 

is  necrotis 

abrupt  transition 

between  green 

and  chlorotic 

tissue 

Dismtegr- 


Collapsed 


Collapsed 


Collapsed 


Collapsed 


Hyper 
trophy, 
hyper- 
plasia.  & 
collapse 


Collapsed 


Collapsed 


Hypertrophy 

and 

hyperplasia 


Collapsed 


Collapsed 


Hyper 

trophied 

occluding 

resin 

canal 


Same  as  Salt 
and  Drought 


Fluoride, 

Chlorosis  slight- 

Clumping of 

Collapsed 

Hypertrophy 

Hypertrophy 

Hyper 

Hypertrophy 

Hyper 

Same  as  SO 

5ppb 

ly  below  tips 

plastids,  lit- 

where 

and  hyper 

and 

trophy 

and 

trophied, 

within  5-6  h, 

tle  i  ullapse 

mesophyll 

plasia 

hyperplasia 

and  hyper 

hyperplasia 

resin 

progressing 

is  necrotic 

plasia 

canals 

acropetally 

occluded 

Abrupt  transition 

zone 

H2S, 

Well  defined  tip 

Same  as 

Same  as 

Same  as 

Same  as  SO, 

Same  as 

Same  as  SO 

Same  as 

Yellow  I 

50  ppm 

chlorosis  within 
20  h,  necrosis 
limited  to  tips, 
transition  zone 
abrupt 

SO,,  HF 

SO  ,  HF 

2 

SO,  and  HF 

and  HF 

SO   and 
HF 

and  HF 

SO    and 
HF 

cell  walls,  in- 
tense purple  red 
in  lumens   ex 
tending 

illy  into 
area  of  non- 
damaged 
1  . 

CHS. 

2     6     ' 

50  ppm 


Tip  chlorosis 
within  20-15  h, 
transition  zone 
abrupt 


Same  as 
SO  .  HF 


Same    is 

SO   and  HF 


Same  as 
SO   and  HF 


Same  as  SO 
and  HF 


Same  as 
SO   and 

HI 


Same  a 
and  HF 


ai  ii  i 
SO.  and 
HI 


,  ami   as  l  ;i 
and  HF 


1  AH  observations  were  made  within  the  transition  zone,  a  2  mm  segment  including  the  necrotic,  chlorotic.  and  green  portions  of  iniured  needle  Generally,  the  transi 

ne  is  chlorotic, 

2Feulgen's  and  fast  green  schedule 


Figure  2.— Lab  study.  Control  ponderosa  pine 
seedling  after  treatment  with  clean  air  in 
fumigation  chamber.  Current-year  foliage  re- 
mained green;  no  necrosis  or  chlorosis  was 
observed. 

Figure  3.— Lab  study.  Ponderosa  pine  seedling 
after  treatment  with  5  ppm  S02  for  6  hours.  All 
current  foliage  developed  necrosis. 

Figure  4.— Lab  study.  Control  Douglas-fir  seed- 
ling. Similar  to  ponderosa  pine,  current-year 
foliage  remained  green  and  appeared  healthy. 

Figure  5.— Lab  study.  Douglas-fir  foliage  after 
fumigation  with  5  ppm  S02  for  6  hours.  Note  the 
well-defined  tip  necrosis.  Needle  segments  for 
histological  study  were  taken  from  the  transi- 
tion zone,  which  included  green,  chlorotic,  and 
necrotic  tissue.  Serial  longitudinal  and  trans- 
verse thin  sections  4.72  x  10  ~4  in  (12  microns) 
thick  then  were  made  through  the  entire  transi- 
tion zone.  Histological  interpretations  were 
made  from  these  sections. 
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Figure  6.— Lab  study.  Control,  ponderosa  pine, 
longitudinal  section,  X300.  Endodermis  (EN), 
vascular  parenchyma  (VP),  phloem  (P),  and 
xylem  (X)  are  fully  turgid.  Hypertrophy  and  hy- 
perplasia of  parenchymatous  tissue  have  not 
occurred  here,  but  do  in  needles  affected  by 
phytotoxic  gases.  Current-year  foliage. 

Figure  7.— Lab  study.  Control,  ponderosa  pine, 
transverse  section,  X300.  Note  position  of 
epidermis  (ED),  hypodermis  (HY),  mesophyll 
parenchyma  (MP),  and  resin  canal  (RC). 
Presence  of  numerous  dispersed  plastids  in 
turgid  mesophyll  cells  and  nonhypertrophied 
epithelial  cells  (EP)  in  the  resin  canal  are  in- 
dicative of  a  healthy  needle.  Current-year 
foliage. 

Figure  8.— Lab  study.  Control,  ponderosa  pine, 
transverse  section,  X300.  Note  position  of 
phloem  (P),  vascular  parenchyma  (VP),  xylem  (X). 
endodermis  (EN),  and  mesophyll  (MP).  Endoder- 
mis is  turgid  and  phloem  and  vascular  paren- 
chyma are  not  deeply  stained  nor  hypertrophied. 
Mesophyll  is  turgid  and  packed  with  plastids. 
Current-year  foliage. 

Figure  9.— Lab  study.  Salt  injury,  ponderosa 
pine,  longitudinal  section,  X300.  Mesophyll 
parenchyma  (MP)  collapsed,  but  the  endodermis 
(EN)  remained  turgid  even  when  in  contact  with 
necrotic  mesophyll  cells.  Note  the  junction  be- 
tween necrotic  mesophyll  and  healthy  endoder- 
mis (arrow).  Current-year  foliage. 

Figure  10.— Lab  study.  Salt  injury,  ponderosa 
pine,  transverse  section,  X300.  This  section  is 
from  the  necrotic  portion  of  the  transition  zone. 
Parenchymatous  tissues  including  mesophyll 
(MP),  vascular  parenchyma  (VP),  and  phloem  (P) 
collapsed.  Even  in  this  condition  of  extreme  in- 
jury, the  endodermis  (EN)  is,  for  the  most  part, 
somewhat  turgid.  Current-year  foliage. 

Figure  11.— Lab  study.  Drought,  ponderosa 
pine,  longitudinal  section,  X300.  Mesophyll  (MP) 
collapsed  but  endodermis  (EN)  in  contact  with 
necrotic  mesophyll  remains  turgid.  Current-year 
foliage. 
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Figure  12.— Lab  study.  Winter  drying,  ponder- 
osa  pine,  longitudinal  section,  X300.  Mesophyll 
(MP)  collapsed,  but  endodermis  (EN)  remained 
turgid.  Note  similarity  between  injury  by  salt, 
drought,  and  winter  drying  (figs.  9-12).  Current- 
year  foliage. 

Figure  13.— Lab  study.  Winter  drying,  ponder- 
osa  pine,  transverse  section,  X300.  Mesophyll 
(MP),  vascular  parenchyma  (VP),  and  phloem  (P) 
collapsed  while  endodermis  remains  turgid.  No 
deep  staining  occurred  in  the  vascular  tissues. 
Current-year  foliage. 

Figure  14.— Lab  study.  Sulfur  dioxide,  ponder- 
osa  pine,  longitudinal  section,  X300.  Mesophyll 
(MP)  collapsed  and  endodermis  (EN)  in  contact 
with  collapsed  necrotic  mesophyll  also  col- 
lapsed. Note  the  intense  reddish  staining  in  the 
vascular  bundle  (within  the  endodermis)  exten- 
ding basipetally  into  the  region  of  noninjured 
mesophyll.  Note  the  hypertrophy  (excessive  cell 
enlargement  [HID  and  hyperplasia  (excessive 
cell  division  [HP])  that  occurred  in  the  vascular 
parenchyma,  causing  the  vascular  bundle  to 
swell.  These  three  symptoms,  endodermis  col- 
lapse, intense  vascular  stain,  and  swelling,  are 
characteristic  of  injury  induced  by  phytotoxic 
gas,  but  not  by  other  causes.  Compare  with  salt, 
drought,  and  winter  drying  (figs.  9-13).  Current- 
year  foliage. 

Figure  1 5.— Lab  study.  Sulfur  dioxide,  ponder- 
osa  pine,  transverse  section,  X300.  This  section 
is  from  the  green  end  of  the  transition  zone. 
Vascular  parenchyma  (VP)  hypertrophied  and 
the  characteristic  deep  reddish  stain  pervaded 
the  vascular  tissues.  Mesophyll  (MP)  has  not 
collapsed.  Phloem  (P)  has  been  destroyed. 
Current-year  foliage. 

Figure  16.— Lab  study.  Sulfur  dioxide,  ponder 
osa  pine,  transverse  section,  X300.  Epithelial 
cells  (EP)  hypertrophied  and  occluded  the  resin 
canal  (RC).  Mesophyll  (MP)  is  not  noticeably  af- 
fected. Hypertrophy  of  epithelial  tissue  com- 
monly occurs  in  needles  injured  by  phytotoxic 
gases,  but  also  is  found  in  needles  injured  by 
winter  drying  and  drought.  It  is  not  distinctive 
for  phytotoxic  gases.  Current-year  foliage. 

Figure  17.— Lab  study.  Hydrogen  sulfide,  pon- 
derosa  pine,  longitudinal  section,  X300.  Col- 
lapsed endodermis  (EN),  deep-red  vascular 
staining,  and  hypertrophy  of  vascular  paren- 
chyma (VP)  are  evident.  These  symptoms  are 
similar  to  those  caused  by  S02-  Current-year 
foliage. 
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Figure  18.— Lab  study.  Ethyl  mercaptan,  pon- 
derosa  pine,  longitudinal  section,  X300.  Symp- 
toms are  similar  to  those  caused  by  sulfur  diox- 
ide. Note  hypertrophied  vascular  parenchyma 
(VP),  intense  reddish  staining  in  vascular  bun- 
dle, and  endodermis  (EN)  collapse  in  contact 
with  necrotic  mesophyll  (MP).  Current-year 
foliage. 

Figure  19.— Lab  study.  Hydrogen  fluoride, 
Douglas-fir,  longitudinal  section,  X300.  Note 
collapse  of  endodermal  cell  (EN)  in  contact  with 
necrotic  mesophyll  (MP).  Also,  the  vascular 
bundle  is  deeply  stained.  Symptoms  are  similar 
to  those  caused  by  sulfur  dioxide,  hydrogen 
sulfide,  and  ethyl  mercaptan  in  ponderosa  pine 
needles.  Compare  with  figures  14-18.  In  this  ex- 
periment, the  different  symptoms  induced  by 
various  treatments  in  ponderosa  pine  needles 
were  identical  to  those  induced  in  Douglas-fir 
needles.  Current-year  foliage. 

Figure  20.— Field  study.  Control,  ponderosa 
pine,  transverse  section,  X125.  Note  position  of 
mesophyll  (MP),  endodermis  (EN),  phloem  (P), 
xylem  (X),  and  vascular  parenchyma  (VP).  The 
only  difference  between  this  needle  and  the 
control  needle  of  the  lab  study  (fig.  8)  is  that  the 
phloem  and  xylem  are  better  developed.  All 
needles  shown  for  field  study  were  2  years  old. 

Figure  21.— Field  study.  Winter  drying,  ponder- 
osa pine,  longitudinal  section,  X25.  Note  posi- 
tion of  epidermis  (ED),  mesophyll  (MP),  resin 
canal  (RC),  endodermis  (EN),  vascular  paren- 
chyma (VP),  phloem  (P),  and  xylem  (X).  The  col- 
lapsed mesophyll  (arrow)  identifies  the  necrotic 
part  of  the  needle.  No  intensive,  reddish  stain- 
ing occurred  in  the  vascular  bundle  nor  did 
transfusion  parenchyma  undergo  hypertrophy 
and  hyperplasia. 

Figure  22.— Field  study.  Winter  drying,  ponder- 
osa pine,  longitudinal  section,  X125.  Note  col- 
lapsed mesophyll  (MP).  Endodermis  (EN)  in  con- 
tact with  collapsed  mesophyll  is  turgid,  healthy, 
and  vascular  parenchyma  (VP)  is  normal.  This 
section  included  some  epithelial  (EP)  tissue 
that  also  appears  normal. 

Figure  23.— Field  study.  Sulfur  dioxide,  ponder- 
osa pine,  longitudinal  section,  X25.  Deeply 
stained  vascular  tissue  (VT),  collapsed  meso- 
phyll (MP),  and  necrotic  endodermal  cells  (EN) 
occurred.  This  is  similar  to  specimens  injured 
by  sulfur  dioxide  in  the  lab  study. 
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Figure  24.— Field  study.  Sulfur  dioxide,  ponder- 
osa  pine,  transverse  section,  X125.  Deep  red- 
dish stain  (arrow)  and  necrotic  endodermis  (EN) 
in  contact  with  necrotic  mesophyll  (MP)  typify 
injury  by  phytotoxic  gases. 

Figure  25.— Field  study.  Hydrogen  sulfide, 
ponderosa  pine,  longitudinal  section,  X125. 
Note  necrotic  endodermis  (EN),  intense  stain  in 
vascular  tissue  (VT),  and  hypertrophy  of  vascu- 
lar parenchyma  (VP). 

Figure  26.— Field  study.  Hydrogen  sulfide,  pon- 
derosa pine,  transverse  section,  X125.  This  sec- 
tion is  from  the  greenish  portion  of  the  transi- 
tion zone.  Note  destruction  and  heavy  staining 
in  the  vascular  tissues  (VT).  Note  also  the  hyper- 
trophy and  hyperplasia  in  the  vascular  paren- 
chyma (VP). 

Figure  27.— Field  study.  Hydrogen  fluoride, 
Scotch  pine,  longitudinal  section,  X125.  These 
specimens  were  obtained  from  the  Rhone  Valley 
in  Switzerland.  Characteristic  of  injury  caused 
by  fluoride  and  other  phytotoxic  gases,  endo- 
dermal  cells  (EN)  in  contact  with  necrotic  meso- 
phyll (MP)  are  necrotic,  the  vascular  cylinder 
(VC)  is  deeply  stained,  and  vascular  parenchyma 
(VP)  has  hypertrophied.  Compare  with  figures  14 
through  19  and  23  through  26. 

Figure  28.— Field  study,  hydrogen  fluoride, 
Scotch  pine,  transverse  section,  X125.  This 
specimen  also  is  from  the  Rhone  Valley  in 
Switzerland.  The  section  was  cut  in  the  greenish 
portion  of  the  transition  zone.  Notice  the  deep 
staining  of  vascular  parenchyma  (VP). 
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Our  studies  show  that  needle  necrosis  caused  by  phytotoxic 
gases  can  be  differentiated  microscopically  from  necrosis  caused 
by  other  abiotic  agents.  The  controlled  greenhouse  study 
showed  that  symptoms  of  gas-caused  needle  necrosis  can  be 
distinguished  from  symptoms  of  selected  nongaseous  causes. 
Phytotoxic  gases  caused  extensive  damage  to  parenchymatous 
tissues,  especially  within  the  vascular  system,  but  it  was  not 
possible  to  distinguish  among  symptoms  caused  by  various 
gases.  Winter  drying  and  drought  caused  mesophyll  damage, 
but  the  tissues  of  the  vascular  system  were  not  affected.  En- 
dodermaJ  cells  in  contact  with  necrotic  mesophyll  became 
necrotic  when  phytotoxic  gas  was  the  cause,  but  not  when 
damage  was  induced  by  winter  drying  or  normal  drought; 
necrotic  endodermal  cells  could  result  from  acid  hydrolysis. 
The  mechanisms  of  endodermis  susceptibility  to  phytotoxic 
gas,  but  resistance  to  winter  damage,  salt,  and  drought  is 
biologically  interesting  and  should  be  investigated.  The  deep 
staining  of  vascular  tissue  in  the  transition  zone  noted  in  the 
gas  fumigations  could  have  been  induced  by  cytoplasmic 
dissolution.  Evans  and  Miller  (1975)  noted  that  sulfur  dioxide 
decreased  the  intensity  of  stain  where  cytoplasmic  dissolution 
was  extensive.  We  observed  the  same  in  the  necrotic  areas. 
However,  in  the  chlorotic  part  of  the  transition  zone,  leakage 
of  cytoplasmic  contents  from  lysed  cells  into  the  intercellular 
spaces  could  account  for  the  general  deep  staining  observed  in 
our  study. 

The  histological  interpretations  of  field-collected  specimens 
were  similar  to  those  of  the  laboratory  investigation;  specimens 
collected  from  Switzerland,  Montana,  and  California  near 
known  sources  of  phytotoxic  gases  exhibited  the  pollutant  syn- 
drome, but  it  was  not  possible  to  distinguish  between  pollutants. 
Winter-induced  needle  necrosis  collected  from  areas  of  known 
winter  drying  was  similar  histologically  to  the  laboratory-induced 
winter  drying.  Studies  by  EPA  (1971),  Gordon  (1972),  Gordon 
and  Tourangeau  (1975),  Carlson  and  Dewey  (1971),  Carlson  and 
others  (1974),  and  Gordon  and  others  (1976)  support  these  find- 
ings. In  studies  with  tip-burned  field-collected  Austrian  pine 
needles,  Maiello  and  others  (1972)  determined  that  sulfur  dioxide 
caused  distortion  of  endodermis  and  transfusion  tissues  and  that 
this  disruption  of  vascular  tissues  extended  about  0.02  in 
(0.5  mm)  into  the  region  of  healthy  mesophyll.  Results  of  our 
studies  agree. 

Solbergand  Adams  (1956),  Gordon  (1972),  and  Gordon  and 
Tourangeau  (1975)  believed  they  could  distinguish  between  in- 
jury caused  by  sulfur  oxides  and  fluoride.  Vascular  tissues  were 
disrupted  in  the  area  of  healthy  and  necrotic  mesophyll  when 
fluoride  was  causal,  whereas  vascular  tissues  appeared  normal 
even  in  the  region  of  necrotic  mesophyll  when  sulfur  dioxide 
was  the  agent.  We  did  not  observe  this  either  in  the  controlled 
fumigation  or  in  the  field-collected  specimens.  It  seems  unlikely 
that  plant  tissues  would  have  separate  response  syndromes  to 
individual  gases.  However,  it  is  plausible  that  responses  would 
differ  between  such  different  agents  as  gases  versus  drought  or 
salt,  as  suggested  by  our  work. 

The  simulated  winter  injury  treatment  subjected  physiologi- 
cally active,  succulent  young  needle  tissue  to  relatively  severe 
stress.  Natural  winter  drying  occurs  to  older  foliage  (8  to  10 
months)  that  likely  is  in  a  subdued  physiological  state.  Thus,  the 
simulated  treatment  can  be  interpreted  as  severe.  However,  not- 
withstanding these  treatment  differences,  the  histological  effects 
of  field-  and  laboratory-induced  stress  were  similar,  indicating 
similarity  between  physiological  and  morphological  responses. 


The  gases  were  administered  at  high  concentrations,  pre- 
sumably much  higher  than  one  would  expect  to  find  in  field  situ- 
ations. Also,  the  gas  concentrations  were  not  monitored  in  the 
exposure  chamber,  but  were  inferred  from  flow  input.  We  were 
not  interested  in  testing  effects  of  differential  gas  concentrations; 
rather,  we  wished  to  assure  the  development  of  needle  necrosis 
and  to  compare  between  treatments.  Histological  reactions  to 
our  dosages  may  represent  responses  only  to  short-term  acute 
fumigations  and  may  not  be  representative  of  actual  field  situa- 
tions. However,  histological  symptoms  in  field-collected 
specimens  were  similar  within  treatment  to  those  in  needles  with 
experimentally  induced  necrosis.  It  is  likely,  but  not  known,  that 
necrosis  on  needles  from  field  locations  was  caused  by  longer- 
term,  lower  concentration  of  pollutant.  If  so,  the  continuity  be- 
tween symptoms  observed  in  field  and  laboratory  specimens 
suggests  that  the  histological  reactions  represent  a  biochemical- 
morphological  reaction  not  entirely  dependent  on  gas 
concentration. 

Our  field  study  did  not  include  either  drought-  or  salt-caused 
needle  necrosis.  However,  there  is  little  reason  to  believe  that 
field-induced  symptoms  would  differ  significantly  from  our 
greenhouse  work. 

Finally,  the  concept  that  needle  necrosis  caused  by  phytotoxic 
gases  can  be  separated  from  other  selected  abiotic  agents  is  well 
supported  in  that  differences  observed  in  the  laboratory  experi- 
ment also  were  observed  in  corresponding  field  collections. 


SUMMARY  AND  CONCLUSIONS 

Phytotoxic  gases  cause  histological  symptoms  in  Douglas-fir 
and  ponderosa  pine  needles  distinct  from  those  induced  by 
winter  damage,  drought,  or  salt.  The  symptoms  caused  by  gas- 
eous pollutants  under  controlled  conditions  are: 

1 .  Collapse  of  endodermis  in  contact  with  collapsed 
mesophyll. 

2.  Hypertrophy  and  hyperplasia  of  vascular  parenchyma. 

3.  Deep  staining  of  vascular  tissue,  extending  basipetally  into 
the  region  of  healthy  mesophyll. 

Winter  damage,  drought,  and  salt  induce  the  following 
symptoms: 

1 .  Mesophyll  cells  collapse,  but  endodermis  is  not  affected, 
even  when  in  contact  with  necrotic  mesophyll. 

2.  Vascular  parenchyma  collapse;  hypertrophy  and 
hyperplasia  are  not  evident. 

3.  Deep  staining  of  vascular  tissues  does  not  occur. 
Symptoms  in  field-collected  specimens  representative  of  a 

variety  of  conifers  were  similar  for  similar  causal  agents. 

Identification  of  the  cause  of  conifer  injury  and  related  forest 
damage  near  sources  of  phytotoxic  air  emissions  may  be  con- 
founded by  insects,  disease,  weather,  or  other  abiotic  agents. 
Affected  trees  usually  exhibit  foliar  chlorosis  and  necrosis  in  re- 
sponse to  causal  factors.  This  study  demonstrates  that  through 
histological  procedures  these  causal  factors  may  be  distin- 
guished. When  used  in  conjunction  with  ambient  air  quality 
data,  emission  data,  foliar  chemical  analyses,  and  observations 
of  the  status  of  biotic  plant  pathogens  and  foliage-feeding  in- 
sects, histological  observations  should  strengthen  the  diagnosis 
of  cause  in  damage  surveys  done  near  polluting  industries. 
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Symptoms  induced  by  phytotoxic  gases  within  conifer  needles 
can  be  differentiated  histologically  from  those  caused  by  other  abiotic 
agents  including  winter  drying,  drought,  and  salt.  However,  it  is  not 
possible  to  differentiate  among  symptoms  caused  by  hydrogen 
fluoride,  sulfur  dioxide,  ethyl  mercaptan,  and  hydrogen  sulfide. 
Phytotoxic  gases  cause  hypertrophy  and  hyperplasia  of  vascular 
parenchyma,  endodermis  collapse,  and  intense  vascular  staining.  The 
other  abiotic  agents  induce  mesophyll  collapse  with  little  or  no  obser- 
vable effects  on  vascular  tissues.  Histological  analyses  should  be 
useful  in  diagnosis  of  air  pollution-induced  injury  and  damage  in  con- 
iferous forests. 


KEYWORDS',  phytotoxic  gases,  winter  injury,  conifer  needles,  symp- 
toms, histology,  air  pollution,  diagnosis,  needle  necrosis 


The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
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RESEARCH  SUMMARY 

Various  operational  parameters  were  measured  on 
actual  retardant  dropping  missions  using  an  instru- 
mented S2F  airtanker.  The  variables  included  drop 
height,  drop  configuration  and  tank  release  sequence, 
delay  time,  indicated  airspeed,  minimum  height  above 
fuel,  and  various  use  characteristics.  The  interpretatio 
of  real-time  operational  data  was  investigated  and  the 
importance  of  various  factors  determined.  Results  cor 
firmed  the  validity  of  aircraft  evaluation  procedures  ar 
instrumentation.  Drop  heights  measured  during  actual 
operations  support  guidelines  and  general  assumptior 
made  in  previous  studies. 
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INTRODUCTION 

Aircraft  drop  height,  speed,  attitude,  and  other  factors 
:an  drastically  affect  the  distribution  and  effectiveness  of 
etardant  dropped  from  airtankers.  Numerous  studies 
nave  attempted  to  evaluate  operationally  the  relative  in- 
luence  of  factors  such  as  type  of  retardant,  aircraft,  tank 
and  gating  system,  and  firefighting  strategy.  The  studies 
nave  usually  been  inconclusive  due  to  the  large  number  of 
/ariables  (many  interacting),  the  magnitude  of  the  effect  of 
:hese  variables,  and  the  difficulty  in  quantifying  the 
overall  effectiveness  of  the  retardant  application  (change 
n  fire  behavior,  etc.).  Guidelines  derived  from  controlled 
tests  are  often  not  fully  accepted,  mainly  because  of  lack 
of  operational  verification  and  disbelief  in  comparability 
Df  test  conditions  and  field  conditions. 

The  tank  and  gating  system,  volume  of  retardant  drop- 
Ded,  drop  configuration  (number  and  position  of  compart- 
nents  released),  release  sequence  and  interval,  retardant 
type,  wind,  and  aircraft  height,  speed  and  attitude  may 
strongly  affect  retardant  distribution.  Many  of  these 
variables  have  been  difficult  to  measure  and  have  often 
seen  ignored  in  past  studies. 

Fire  management  economists,  air  attack  specialists, 
:hemical  engineers,  equipment  design  engineers, 
firefighters,  and  others  are  demanding  more  precise 
descriptions  of  drop  conditions,  tank  and  gating  perform- 
ance, and  retardant  distribution. 


PREVIOUS  RESEARCH 

Many  drop  tests  have  been  conducted  to  evaluate 
/arious  aspects  of  retardant  delivery  and  tpnk  and 
gating  system  performance  (Davis  1959;  Johansen  and 
Shimmel  1967;  George  and  Blakely  1973;  Grigel  and 
others  1974).  The  drop  conditions  (drop  height  above 


ground  and  drop  speed)  were  estimated  from  readings 
taken  by  the  pilot  or  copilot,  from  measurements  using 
a  ground-based  theodolite  and  timing  devices,  or  deter- 
mined from  photographs  of  the  drops.  Although  aircraft 
height  and  speed  have  often  been  estimated  with  good 
precision,  relatively  small  changes  (±  25  ft  [7.6  m])  in 
drop  height  are  known  to  alter  drop  patterns  signifi- 
cantly (George  1975;  Swanson  and  others  1978),  espe- 
cially at  drop  heights  where  total  retardant  breakup  is 
incomplete  (100  to  300  ft  [30.5  to  9L4  m],  depending  on 
the  tank  and  gating  system  and  load  size).  Utilizing  high- 
speed cameras  equipped  with  electronic  timing  devices 
and  analyzing  the  films  using  sophisticated  motion 
analysis  equipment,  greater  accuracy  in  measurements 
of  drop  conditions  under  controlled  conditions  has  been 
achieved  (George  and  Blakely  1973;  George  1975). 

Although  drop  conditions  have  been  measured  in 
various  ways  and  with  different  degrees  of  accuracy,  a 
continuing  question  has  been  whether  the  conditions 
(especially  drop  heights)  used  in  specific  drop  studies 
are  actually  representative  of  conditions  during  opera- 
tional use.  Drop  height  estimates  from  firefighting 
personnel  on  the  ground  and  air  attack  specialists  have 
typically  been  lower  than  values  determined  photograph- 
ically or  by  other  means.  Such  estimates  frequently  have 
been  lower  than  specified;  for  instance,  the  150-ft 
(45.7-m)  above-tree  canopy  safety  minimum  established 
by  the  USDA  Forest  Service.  Although  observers  have 
disagreed  as  to  whether  estimates  were  "above 
ground"  — "above  fuel  or  canopy"  — determining  drop 
height  for  analysis  or  study  has  been  controvei 

The  effect  of  aircraft  speed  on  retardant  distribution 
over  the  range  of  drop  speeds  normally  encountered  (120 
to  160  knots  [61.7  to  82.3  m/s])  has  been  found  to  be 
significantly  less  than  the  effect  of  drop  height  (George 
1975;  Swanson  and  others  1976,  1978).  Increasing  air- 


craft  velocity  with  respect  to  the  ground  has  been 
shown  to  generally  reduce  peak  pattern  coverage  values 
and  increase  low  coverage  lengths.  On-board  aircraft 
velocity-indicating  devices,  however,  provide  an  airspeed 
that  is  often  at  variance  with  ground  speed  because  of 
wind.  In  addition  to  affecting  airspeed,  the  wind  velocity 
profile  and  the  orientation  of  the  aircraft  to  existing 
winds  can  significantly  affect  the  retardant  delivery. 
Although  wind  affects  the  dispersion  of  retardant,  its 
primary  influence  is  to  displace  the  retardant  cloud  and 
pattern,  and  thus  affect  accuracy. 

The  number  of  tanks  released  on  each  pass  and  the 
interval  between  gate  openings  has  been  a  primary 
method  of  controlling  the  retardant  distribution.  The 
volume  of  retardant  for  a  simultaneous  tank  release 
and  the  sequence  or  time  interval  between  consecutive 
tank  releases  has  often  been  used  to  create  the  desired 
retardant  pattern  for  a  fuel/fire  situation  or  to  cope  with 
specific  drop  conditions  (terrain,  wind,  or  other  factors). 
During  retardant  evaluations  other  than  under  highly 
structured  or  controlled  studies,  the  drop  configura- 
tion—especially the  sequential  drop  delay  times— has 
not  always  been  readily  available  or  measurable. 

Other  factors  known  to  influence  ground  pattern  distri- 
butions to  a  lesser  but  sometimes  significant  degree  are 
the  aircraft  attitude  or  "g"  force  on  the  wing  at  release 
(dive,  bank,  or  loft  mode)  and  the  topography.  Although  the 
importance  of  these  factors  has  been  difficult  to  measure, 
their  effects  have  been  sufficiently  determined  for  the 
needs  of  retardant  distribution  studies  by  the  previous  re- 
search discussed  and  empirical  observations. 


STUDY  DESCRIPTION 

The  purpose  of  the  study  was  (1)  toidentify  methods 
that  can  be  used  to  more  thoroughly  determine  the  condi- 
tions under  which  fire  retardants  are  dropped  operation- 
ally, and  (2)  to  collect  data  that  would  substantiate  or 
better  define  the  operational  use  envelope.  The  study  was 
conducted  at  Hemet,  Calif.,  in  cooperation  with  the 
California  Department  of  Forestry  (CDF).  About  2.5  million 
gallons  (9.5  million  liters)  of  fire  retardant  are  delivered 
annually  to  fires  on  both  State  of  California  and  National 
Forest  land  from  the  Hemet  Air  Attack  Base.  Study 
objectives  were  to  instrument  one  of  the  CDF  airtankers, 
an  S2F,  and  collect  specific  data  during  drops,  along  with 
general  information  regarding  the  type  of  drop,  the  target, 
fuel,  and  surrounding  terrain.  The  S2F  (Tracker),  originally 
built  by  Grumman  Aircraft  Co.  as  a  carrier-based  antisub- 
marine aircraft,  was  modified  to  carry  800  gallons  (3  028 
liters)  of  retardant  in  four  compartments  containing 
approximately  200  gallons  each.  The  particular  S2F 
selected  for  the  study  (Tanker  73,  N406DF)  contained  an 
"Aero-Union"  type  tank  whose  characteristics  and  per- 
formance have  been  quantified  in  the  Airtanker  Perform- 
ance Guides  (Swanson  and  others  1976). 


INSTRUMENTATION  AND  PROCEDURES 
Drop  height 

A  pulse  radar  altimeter  system  (Honeywell  Model  76 
was  selected  to  provide  a  continuous  record  of  drop 
height.  The  system  is  composed  of  a  receiver/transmitl 
two  antennas,  and  a  height  indicator.  In  addition  to  pro 
ing  high  resolution,  the  altimeter  produces  leading  edg 
tracking  for  actual  distance  between  the  aircraft  and  th 
nearest  terrain  or  obstacle  with  an  accuracy  of  3  ft  (0.9 
±  2  percent.  The  receiver/transmitter,  designed  for  in- 
tegral use  in  military  or  commercial  aircraft,  provides  a 
output  that  can  be  continuously  recorded. 

The  radar  altimeter  antennas  require  mounting  apprc 
mately  3  ft  (0.9  m)  apart  on  a  level  area  of  the  aircraft  sk 
free  from  disruption  and  protuberances  and  from  whee 
interference.  This  was  accomplished  on  the  S2F  by  mo 
ing  the  antennas  on  the  bottom  side  of  the  right  wing  ai 
distance  from  the  fuselage  (fig.  1). 
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Figure  1.— Radar  altimeter  antennas 
mounted  on  the  underside  of  the  wing  of  a 
California  Department  of  Forestry  S2F 
airtanker. 

Because  drop  height  only  during  the  actual  drop  was 
desired,  an  adjustable  timer  was  provided  to  shut  off  th 
recording  device  after  a  preset  time.  An  arming  switch 
mounted  within  easy  reach  of  the  pilot  so  that  prior  to  i 
drop,  the  recorder  could  be  started.  This  provided  a  cor 
uous  trace  of  drop  height  until  the  recorder  was  autom; 
ically  shut  off.  This  procedure  minimized  the  additiona 
amount  of  attention  needed  by  the  pilot  to  operate  the 
system. 

A  high-speed,  fast-response  strip  chart  recorder  (Goi 
Brush  Model  260)  was  used  to  record  the  drop  height.  T 
recorder  had  six  channels  and  contained  built-in  event 
markers  to  provide  a  method  of  recording  additional  pa 
rameters  and  events  (discussed  later).  A  simplified  sch 
matic  of  the  on-board  instrumentation,  including  the  ra 
altimeter/drop  height-measuring  system,  is  shown  in 
figure  2. 
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Figure  2.— Schematic  of  onboard  instrumentation. 

Drop  Configuration  and  Release  Sequence 

The  release  of  retardant  was  correlated  to  the  drop 
height  recording  by  utilizing  the  electrical  circuit  from  the 
door-opening  system.  The  signals  at  the  door-opening 
solenoids  for  the  four  doors  were  recorded  on  the  six- 
channel  strip  chart  recorder.  The  release  switch,  activated 
by  the  pilot,  was  not  used  because  a  slight  delay  was 
found  between  the  switch  activation  and  activation  of  the 
solenoid  and  door  opening.  Recording  signals  from  the 
door  solenoids  allowed  the  monitoring  of  door-opening 
when  the  automatic  intervalometer  system  for  sequential 
or  trail  drop  releases  was  used,  and  provided  the  delay 
time  between  releases. 

Indicated  Airspeed 

A  pressure  transducer  was  used  to  measure  the  aircraft 
indicated  airspeed  at  the  time  of  the  drop  (airspeed  trans- 
ducer Bourns  Model  538  and  Celesco  Model  CP51 DT).  The 
pressure  transducer,  designed  to  provide  indicated 
airspeed  inputs  to  an  auto  pilot,  air  data  computer,  or 
other  flight  control  or  monitor  system,  produces  an 


electrical  signal  linear  with  airspeed.  Indicated  airspeed 
was  monitored  by  connecting  the  pressure  transducer  to 
the  aircraft  pitot-static  lines. 

General  Operational  Information 

A  basic  VFGH  recorder  was  used  to  obtain  time-history 
records  of  aircraft  speed,  altitude,  and  normal  accelera- 
tion during  an  entire  operational  mission.  From  this  his- 
tory, information  such  as  flight  duration,  time  to  first  drop, 
dash  speed  to  first  drop,  rate  of  descent,  maneuver 
acceleration  fraction,  drops  per  flight,  time  between 
drops,  maximum  airspeed,  and  time  from  last  drop  to 
touchdown  can  be  determined.  This  information  was  used 
to  help  define  the  overall  mission  envelope,  as  well  as 
interpret  recorded  data. 

The  recorder  was  a  basic  NASA  (National  Aeronautics 
and  Space  Administration)  VGH  recorder  (Model  47)  that 
contains  two  pressure-sensitive  elements  for  measuring 
airspeed  and  altitude,  a  galvanometer  element  for  meas- 
uring the  output  of  an  acceleration  transmitter,  and  a  tim- 
ing mechanism.  Data  are  recorded  on  photographic  paper 
supplied  on  removable  recording  drums  The  VGH  re- 
corder, being  a  self-contained  system,  operated  indei 


ently  from  the  other  on-board  measuring  systems  that 
have  previously  been  discussed. 

A  flight  log  and  fire  record  were  kept  on  each  fire  mis- 
sion for  which  on-board  recordings  were  taken.  The  infor- 
mation was  requested  from  the  airtanker  pilot,  AIRCO  (Air 
Attack  Coordinating  Officer),  and/or  lead  plane  pilot,  and, 
in  addition  to  normal  records  (date,  time,  fire,  response 
area,  etc.),  provided  a  description  of  the  fuel  characteris- 
tics (type,  canopy  height,  etc.),  estimated  drop  height  and 
speed,  drop  configuration,  retardant  type,  and  sketch  of 
the  fire  perimeter,  terrain  features,  etc.,  showing 
approach,  tactics,  etc.  When  time  and  circumstances 
allowed,  the  information  (especially  fuel  canopy  height) 
was  verified  by  personnel  on  the  ground. 

RESULTS 

The  study  was  initiated  with  the  calibration  (static  test 
and  in-flight)  of  on-board  instrumentation  and  a  thorough 
review  of  the  program  with  the  air  attack  personnel  in- 
volved in  the  study.  During  the  1979  fire  season,  on-board 
data  were  collected  during  52  operational  fire  missions. 
Although  minor  problems  occurred,  the  primary  data- 
gathering  system  worked  well. 

Release  Configurations 

Data  for  all  drops  were  tabulated  and  summarized  in 
appendix  table  2.  The  records  of  drop  conditions  provided 
by  the  airtanker  pilot  and  air  attack  personnel  were  com- 
pared with  recorded  data,  and  any  omissions  or  differ- 
ences reconciled.  A  breakdown  of  the  52  missions  flown, 
by  type  of  drop  or  release  configuration,  is  given  in  the  fol- 
lowing tabulation. 


Release  configuration 

Salvo -4-door 
4  compartments,  800  gal 
(3  028  liters) 

Salvo  -  2-door 
2  compartments,  400  gal 
(1  514  liters) 

Trail  drop 
1  x  2,1  400  gal 
(1  514  liters) 

Trail  drop 

1  x  4, 800  gal 
(3  028  liters) 

Trail  drop 

2  x  2, 800  gal 
(3  028  liters) 


Missions 
Number  Percent 


2  4 


2  4 


3  6 


21  40 


24  46 


A  trail  drop  noted  as  1  x  2  refers  to  the  number  of  compartments 
released  times  the  number  of  releases. 


The  data  indicate  very  few  four-compartment,  800-gallc 
(3  028-liter)  salvo  drops  were  made  with  the  S2F.  Althougl 
use  in  an  area  of  considerably  heavier  fuel  might  increase 
the  percentage  of  800-gallon  salvos,  it  appears  that  a 
much  greater  number  of  releases  of  lesser  volumes,  main 
ly  in  the  trail  or  sequential  release  mode,  are  the  general 
practice.  This  is  probably  significant  in  view  of  the  genera 
feeling  that  a  majority  of  the  drops  made  with  the  S2F  are 
salvos,  due  to  its  relatively  small  total  capacity.  One  pos- 
sible reason  for  the  low  percentage  of  salvo  drops  may 
have  been  the  large  accelerations  experienced  from  pitch 
up  when  the  released  retardant  blanks  the  upload  on  the 
S2F's  horizontal  stabilizer  and,  hence,  a  recommendation 
against  high-speed  salvo  drops  (Watts  and  others  1978). 
Use  of  a  very  short  delay  time  and  sequential  or  trail  drop 
to  circumvent  pitch-up  would  be  shown  by  recorded  time- 
delay  data. 

When  the  performance  of  the  S2F  is  considered,  using 
the  airtanker  performance  guides  together  with  the  fuels 
in  which  the  majority  of  the  missions  were  flown,  the 
types  of  releases  being  made  are  as  would  be  expected. 
From  a  tactical  standpoint,  however,  it  is  surprising  that 
the  load  is  split  (more  than  one  pass  and  release)  on  only 
10  percent  of  the  missions,  since  multiple  drops  are  often 
used  to  pinch  off  or  "x"  the  front  of  a  spreading  fire.  Per- 
haps more  than  one  airtanker  is  being  used  to  obtain  this 
result,  or  ground  attack  personnel  are  used  to  the  extent 
that  this  tactic  is  only  infrequently  used. 

Analysis  of  recorded  delay  times  for  trail  or  sequential 
drops  indicated  no  significant  difference  between  door- 
opening  delays  for  different  drop  configurations  (1  x  4, 
1  x  2,2  x  2).  Furthermore,  delay  times  revealed  no 
trends  in  either  drop  speed  or  drop  height.  In  a  few  spe- 
cific instances,  however,  a  very  fast  trail  may  have  been 
used  to  accomplish  a  slightly  delayed  800-gallon  salvo  (re- 
duced flow  rate). 

The  distribution  of  delay  intervals  for  all  sequential  or 
trail  releases  (fig.  3)  indicates  that  a  delay  time  between 
releases  of  0.3  and  0.5  seconds  was  used  for  71  percent 
of  all  drops.  The  average  delay  for  all  drops  was  0.395 
seconds,  and  the  median  was  0.402  seconds.  Delay  times 
were  definitely  reduced  when  more  than  one  sequential 
drop  was  made,  the  average  delay  for  the  first,  second,  anc 
third  delay  being  0.401, 0.394,  and  0.384,  respectively.  In- 
spection and  analysis  of  the  door-opening  histories,  in 
addition  to  the  increasing  door-opening  speed,  also  indi- 
cate the  door-opening  intervalometer  was  seldom,  if  at  all, 
used.  The  pilot  favored  manual  activation  of  the  release 
button  (confirmed  by  the  pilot).  Although  the  delays  in  trail 
releases  were  fairly  consistent,  they  were  not  repetitive.  It 
is  possible  that  manual  release  was  utilized  so  delay  time 
could  be  adjusted  to  compensate  for  aircraft  speed, 
topography,  fuel,  fire  conditions,  or  other  factors.  Flight 
tests  have  also  demonstrated  that  delay  time  is  critical  for 
minimizing  aircraft  pitch-up  after  release.  Use  of  the 
manual  release  rather  than  the  automatic  intervalometer 
system  also  results  from  lack  of  definite  settings  on  the 
switch  (a  variable-speed  potentiometer  is  used  providing 
continuous  "slow"  to  "fast"  settings),  possibly  leading  to 
a  lack  of  pilot  confidence  in  the  system.  (Nearly  all  CDF 
S2F's  have  identical  intervalometer  systems.) 
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Figure  3.— Delay  limes  for  sequential  or 
trail  drops. 
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Figure  4.— Drop  height  above  the  fuel  at 
initial  door  opening. 


Drop  Height 

The  drop  height  (above  the  fuel  or  canopy),  determined 
from  recordings  from  the  pulse  radar  altimeter  system  for 
each  drop,  was  analyzed.  The  height  at  initiation  of  door 
opening  for  each  compartment  was  determined.  (The 
initiation  of  door  opening  for  each  door  was  recorded  on 
the  same  time-base  strip  chart  as  the  drop  height.)  Thus, 
for  a  single-door  trail  drop  (1  x  4),  the  height  at  the  time  of 
each  of  the  four  door  openings  was  determined.  The  mini- 
mum drop  height  occurring  during  the  pass,  as  well  as  the 
time  it  happened  in  relation  to  the  initial  release,  was  also 
noted.  Specifics  for  each  drop  can  be  found  in  table  2  (see 
appendix). 

The  distribution  of  drops  by  drop  height  above  the  fuel 
at  the  time  the  first  door  is  opened  is  shown  in  figure  4. 
The  lowest  height  at  the  initiation  of  release  was  63  ft,  and 
the  highest  564  ft.  The  average  height  for  all  releases  at 
drop  initiation  was  160  ft;  the  median  was  144  ft.  Because 
visual  examination  of  the  traces  indicated  that  the  drop 
height  tended  to  decrease  following  the  initial  release, 
with  the  absolute  minimum  usually  occurring  after  the  last 
I  release,  a  similar  analysis  of  drop  heights  at  successive 
releases  made  during  the  same  pass  (sequential  or  trail 
drop)  was  conducted.  The  analysis  showed  the  average 
heights  at  the  point  of  the  second,  third,  and  fourth  re- 
lease were  150,  1 18,  and  109  ft,  respectively;  the  corre- 
sponding median  heights  were  127, 114,  and  112  ft.  The 
median  for  consecutive  releases  following  the  initial 
release  was  determined  from  a  smaller  sample,  however, 
with  40  percent  of  the  drops  being  1  x  4  and  50  percent 
being  2  x  2  trail  drops.  A  definite  trend  of  decreasing 
drop  height  following  release  can  be  concluded.  (All 
average  and  median  drop  heights  are  shown  in  table  1 .) 
Assuming  that  uphill  drops  (considered  a  poor  practice  or 
prohibited  for  safety  reasons)  were  not  being  made,  the 
lowest  drop  height  for  a  pass  usually  occurs  significantly 


Table  1.— Comparison  of  average  and  median  drop  heights  for  all 
releases 


Drop  sequence        Number  in  sample 


Drop  height 


Average  Median 


Feet 

1  (initial) 

r->2 

160 

144 

2 

52 

150 

127 

3 

21 

118 

1  14 

4 

21 

109 

112 

n  =  146 

Dh 

=  143 

DH 

m  =  I23 

after  initial  release.  To  further  define  the  minimum  ab- 
solute drop  height,  its  occurrence  in  relation  to  the  initial 
release  was  determined  from  the  strip-charts  and  record- 
ed. Using  these  observations,  the  frequency  of  minimum 
heights  for  all  missions  or  passes  and  the  time  of  occur- 
rence with  reference  to  the  initial  release  was  determined 
and  is  shown  in  figures  5  and  6. 

Although  the  point  of  release  provides  a  definite  point 
from  which  height  can  be  measured,  it  does  not  always 
coincide  with  the  height  or  trajectory  of  the  retardant.  (The 
drop  height  and  the  initial  height  are  similar  when  the 
flight  path  and  ground  are  relatively  level,  or  when  the 
flight  parallels  the  slope  of  the  land.)  Thus,  drop  height 
(especially  minimum  drop  height)  must  be  monitored  from 
;nitial  release  until  the  retardant  is  evacuated  from  the 
tank. 

Flow  rate  tests  of  the  "Aero-Union-tanked"  type  S2F 
(similar  to  the  tanker  used  in  this  study)  previously  con- 
ducted had  door-opening  times  of  0.26  to  0.32  seconds  for 
any  door-opening  combination,  and  retardant  evacuation 
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Figure  5.— Minimum  drop  heights. 
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Figure  6.— Variation  in  time  from  initial 
release  to  minimum  height. 

times  of  0.50  seconds  (Swanson  and  others  1976).  The 
door-opening  times  were  found  to  be  faster  than  the 
acceleration  of  the  fluid  and  multiple  door  opening  did  not 
alter  the  door-opening  rates.  Thus,  evacuation  time  was 
constant  for  all  drops.  Hence,  the  0.50-second  constant 
evacuation  time  added  to  any  delays  occurring  for  other 
than  salvo  drops  defined  the  period  of  interest  for  which 
drop  height  changes  may  have  occurred.  Figures  7  and  8 
show  the  frequency  of  time  required  for  all  retardant  to 
be  evacuated  from  the  tank  or  tanks  and  the  time  from 
evacuation  (time  0)  to  the  minimum  drop  height.  (Negative 
values  indicate  the  minimum  drop  height  occurred  prior  to 
the  evacuation  of  the  retardant.)  Because  the  minimum 
drop  height  occurred  before  the  tanks  were  evacuated  in 
40  percent  of  the  drops  and  after  evacuation  in  60  percent 
of  the  drops,  and  because  the  large  majority  of  the  drops 
were  in  a  trail  or  sequential  configuration,  it  appears  the 
drop  height  at  the  point  of  initial  release  would  be  most 
representative  of  the  drop  height  influencing  retardant 
breakup  and  dispersion.  Drop  height  during  the  time  from 
or  before  initial  release  to  evacuation  can  be  measured 
using  recordings  from  the  radar  altimeter;  however,  a 
visual  examination  of  the  recording  is  normally  sufficient 
to  determine  whether  significant  changes  in  drop  height 
have  occurred  during  actual  retardant  release. 


1  1  .5 

EVACUATION  TIME  CSEC0NDS) 


n 


Figure  7.— Evacuation  time  for  all  drops. 
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Figure  8.— Variation  in  time  from  tank  evacuation  to  minimurr 
height. 

The  average  minimum  height  for  all  missions  was  94  fl 
(28.7  m),  and  the  median  86  ft  (26.2  m).  The  minimum 
height  was  less  than  the  height  at  the  time  of  initial  re- 
lease during  98  percent  of  the  missions  (160  ft  [48.9  m] 
average  height  at  release  compared  to  94  ft  [28.7  m]  aver- 
age minimum  drop  height). 


Indicated  Airspeed/VGH  Recordings 

Due  to  problems  in  obtaining,  installing,  calibrating, 
and  maintaining  the  airspeed  monitoring  instrumentatioi 
(including  VGH  recorder),  no  VGH  airspeed  data  were  ob- 
tained during  the  52  missions.  By  monitoring  the  airspee 
transducer,  however,  the  indicated  airspeeds  during  13 
missions  and  during  34  releases  were  obtained.  Althougl 
limited  data  were  obtained  with  the  instrumentation,  the 
methods  of  data  collection  and  the  data  proved  to  be 
adequate. 

The  average  indicated  airspeed  for  those  drops  mon- 
itored was  119  knots  (61.2  m/s);  the  median  was  124  knot 
(63.8  m/s).  The  frequency  of  indicated  airspeed  for  all 
drops  is  shown  in  figure  9,  drops  ranging  from  97  to 
135  knots  (49.9-69.4  m/s).  The  drop  speed  at  door  openin 


r  trail  or  sequential  drops  tended  to  increase  for  c 
ive  releases.  The  average  airspeed  being  1 16. 1 18. 122. 
id  125  knots  (59.7.  60.7.  62.8,  and  64.3  m/s)  for  the  four  re- 
asesofal  x  4  sequence  (the  medians  for  the  four 
leases  showed  corresponding  airspeeds  of  121,  125. 
!7,  and  129  knots  [62.2,  64.3,  65.3,  and  66.4  m 
rely),  this  trend  would  normally  be  expected  becai 
ost  drops  are  made  downhill  (decreasing  drop  heights 
jring  the  drop  were  confirmed),  and  under  such  condi- 
Dns,  airspeed  is  less  controllable. 


Although  VGH  .for  the  52 

le  operation  and  usefulness  of  such 
data  h  opera- 

nation  has  bet 
by  J.  Jewel.  NASA  n  DC6.  DC7,  C1 19. 

andS.  972-74  fire  seasons.1  Data 

collec  r)l3  flight  hours  and  for 

1  658  drops  (722  missions)  for  the  four  aircraft  were 
reported.  Dai  d  flight  duration  histories,  times  to 

drop,  drop  speeds,  and  rates  of  uescent.  Examples  of  such 
data  collected  for  a  CDF-Hemet  Valley  Flying  Service  S2F 
during  September  to  November  1974  are  shown  in  figure 
10.  These  data,  although  collected  for  the  same  type  of  air- 
craft and  for  missions  flying  from  the  same  air  attack 
base,  may  only  be  generally  related  to  the  data  and  find- 
ings resulting  from  this  study.  The  histories  (times)  for 
particular  missions  are  likely  similar;  however,  drop  con- 
figurations were  different.  Salvo  drops  predominated  dur- 
ing the  I974  study;  in  this  study,  the  majority  were  trail  or 
sequential  drops. 

VGH  recordings  can  provide  information  that  can  be 
useful  when  defining  drop  conditions  and  flight 
envelopes  and  when  interpreting  and  verifying 
associated  in-flight  monitoring  systems. 
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gure  9.— Indicated  airspeeds  at  time  of 
lease. 
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Figure  10.— Examples  of  data  summarized  from  VGH  recordings  in  a  CDFHemet 
Valley  Flying  Service  S2F  airtanker  (from  J.  Jewel,  NASA,  1975). 
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INCLUSIONS 

Data  concerning  operational  aerial  retardant  use  were 
)athered  on  actual  retardant-dropping  missions  and  ana- 
yzed.  The  data  and  subsequent  analysis  confirm  that 
he  procedures  for  evaluating  airtanker  performance  and 
etardant  distribution  including  instrumentation  on  simu- 
ated  drops  are  sound  and  adequate. 
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George,  C.  W.  Measurements  of  airtanker  drop  conditions  during 

firefighting  operations.  Res.  Pap.  INT-299.  Ogden,  UT:  U.S.  Depart- 
ment of  Agriculture,  Forest  Service,  Intermountain  Forest  and 
Range  Experiment  Station;  1982. 10  p. 

Operational  parameters  for  an  S2F  airtanker  were  monitored  on  a  series  of 
wildland  fires  to  verify  previous  assumptions  concerning  typical  flight 
envelopes.  Results  confirmed  the  validity  of  the  procedure  and  instrumentation 
used  in  obtaining  real-time  aircraft  drop  height,  speed,  drop  configuration, 
release  sequence,  and  other  related  data.  In-flight  measurements  support 
general  assumptions  made  during  previous  studies  dealing  with  delivery 
systems,  retardant  properties,  and  in  the  development  of  guidelines  derived 
therefrom. 


KEYWORDS:  airtanker,  tank  and  gating  system,  firefighting  mission, 

operational  use,  envelope,  drop  conditions,  drop  height,  air- 
craft speed,  drop  configuration,  release  sequence,  fire 
retardant,  ground  distribution  pattern,  safety 


The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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STEPHEN  E.  McDONALD  holds  bachelors  and  masters 
degrees  in  forest  management  from  the  University  of 
Idaho  (1962,  1975)  and  a  Ph.D.  in  forestry  from  Colorado 
State  University  (1981).  From  1962  to  1966,  he  worked  on 
the  Clearwater  National  Forest  in  Idaho.  From  1966  to 
1975  he  was  stationed  at  the  Coeur  d'Alene  Nursery, 
Coeur  d'Alene,  Idaho.  From  1975  to  1980  he  was  western 
nursery  and  greenhouse  specialist  for  State  and  Private 
Forestry,  USDA  Forest  Service,  Denver,  Colo.  Since  1980 
he  has  been  forestation  and  tree  improvement  specialist, 
Cooperative  Forestry,  Washington,  D.C. 

RAYMOND  J.  BOYD  received  a  B.S.  degree  in  general 
sciences  from  Colorado  State  University  in  1949  and  his 
master  of  forestry  degree  in  1951.  From  1949  to  1953  he 
did  silvicultural  research  for  the  Rocky  Mountain  Forest 
and  Range  Experiment  Station.  Since  1953  he  has  been 
working  on  silviculture  of  the  grand  fir-cedar-hemlock 
ecosystem  at  Moscow,  Idaho. 


In  two  studies  in  northern  Idaho,  Engelmann  spruce, 
lodgepole  pine,  and  western  larch  nursery  stock  were 
lifted  and  stored  under  a  variety  of  regimes  and  planted 
throughout  the  spring  planting  season.  Lifting-storage 
regimes  included:  (1)  fall  lifting  and  storage  at  28°  F 
(-3°  C)  until  planted;  (2)  spring  lifting  and  storage  at  34° 
to  38°  F  (10°  to  3°  C)  until  planted;  (3)  spring  lifting  and 
snow  cache  storage;  and  (4)  spring  lifting  just  prior  to 
planting.  Planting  date  had  the  strongest  influence  on 
survival  and  growth  with  early  plantings  performing  bet- 
ter than  late  plantings.  Stock  lifted  in  the  fall  and 
stored  at  subfreezing  temperatures  survived  and  grew 
as  well  or  better  than  stock  conventionally  lifted  and 
stored,  especially  when  planted  late  in  the  season. 
Larch  benefited  most  from  fall  lifting  and  overwinter 
storage  at  subfreezing  temperatures,  followed  by 
spruce  and  lodgepole  pine.  Some  fall  lifting  and  over- 
winter storage  at  28°  F  is  now  a  standard  procedure  at 
the  Coeur  d'Alene  Nursery. 


DONALD  E.  SEARS  is  a  graduate  of  the  forestry  technol- 
ogy course  at  North  Idaho  College.  From  1969  to  1973  he 
worked  on  administrative  studies  for  the  Coeur  d'Alene 
Nursery,  USDA  Forest  Service,  Coeur  d'Alene,  Idaho.  Cur- 
rently he  is  the  biological  technician  for  the  container 
greenhouse  program  at  the  nursery. 


Cover  Photo:  The  Coeur  d'Alene  Nursery,  Coeur  d'Alene,  Idaho,  as 
it  appeared  when  newly  completed  in  1963.  This  USDA  Forest 
Service  Nursery  is  administratively  attached  to  the  Idaho 
Panhandle  National  Forests  and  provides  forest  tree  planting  stock 
to  the  National  Forests  of  the  Northern  Rocky  Mountains.  The 
Nursery  has  cooperated  with  the  Intermountain  Experiment  Station 
in  many  studies  to  improve  nursery  and  reforestation  methods. 
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INTRODUCTION 

Until  1976,  the  Coeur  d'Alene  Nursery,  like  most  northern 
temperate  zone  nurseries,  lifted  all  of  its  coniferous  bare  root 
stock  in  the  early  spring  for  later  spring  planting.  Typically 
stock  has  been  lifted  in  March,  placed  in  cold  storage  (34°  to 
38°  F  [1°  to  3°  C]),  and  planted  when  conditions  were  favor- 
able at  the  planting  site.  With  the  large  geographical  and  ele- 
vational  range  served  by  the  nursery,  the  planting  season  can 
extend  into  early  July.  Although  every  effort  has  been  made  to 
lift  stock  while  it  was  still  dormant  and  to  plant  as  early  as 
possible,  weather  conditions  and  the  magnitude  of  the  lifting, 
sorting,  and  packing  job  often  resulted  in  undesirable  delays. 

Investigations  in  Canada,  the  northeastern  United  States, 
and  Europe  have  shown  that  trees  can  be  lifted  in  the  fall  and 
stored  overwinter  (Hocking  and  Nyland  1971).  This  is  feasible 
when  storage  temperatures  are  lowered  to  below  freezing  to  re- 
duce physiological  activity  and  pathogen  growth  (Nyland 
1974a),  and  if  the  trees  are  protected  from  desiccation  by  a 
suitable  vapor  barrier  (Nyland  1974b).  The  potential  advant- 
ages of  fall  lifting  and  frozen  storage  of  nursery  stock 
prompted  study  of  the  technique  at  the  Coeur  d'Alene  Nurs- 
ery in  1972. 

This  paper  reports  the  results  of  nursery  trials  in  1972  and  a 
limited  field  trial  in  1973. 

The  study  was  conducted  to  obtain  comparative  information 
on  the  effects  of  storage  conditions,  in  combination  with 
various  spring  planting  dates,  on  the  survival  of  outplanted 
stock.  The  primary  objective  was  the  testing  ol  overwintei 
storage  at  subfreezing  temperatures.  Other  temperature 
regimes  were  used  as  controls  or  as  additional  alternatives  to 
conventional  storage  methods.  Because  planting  normally  ex- 
tends over  a  period  of  21  2  to  3  months  in  the  Northern  Rocks 
Mountain  area,  planting  date  was  also  studied  as  an  interactive 
variable. 


PHASE  I.  NURSERY-BASED  SURVIVAL 
COMPARISONS,  1972 

Methods 

Three  coniferous  species,  Engelmann  spruce  (l'i> 
mannii  Parry),  lodgepole  pine  (Pinus  contorla  Dougl.  var  mur- 
rayana  [Grev.  and  Ball'.]  Engelm.)  and  westi 
occidentalis  Nutt.)  were  selected  for  trial.  1  odgepole  pirn 
spruce  were  used  because  of  the  long  storage  periods 
involved;  larch  because  of  past  storage  diffi< 

The  objective  of  this  initial  study  was  to  1 
information  on  the  effects  ol  storage  eondil  ions. 
with  various  spring  planting  dates,  011  1  he  sin 
stock.  Storage  regimes  were  as  follows: 

1.  Frozen.  — On  Novembei  17,  1971,  1,125  trees  ol 
cies  were  lifted  and  sealed  in  plastic  (4-mil  polyethv 

put  into  preconditioning  refrigerated  storage  at  34    I  (1     (  110 

38°  F  (3°  C)  for  2  days,  at  32    I    *    I    (0    C)  for  1  week,  and 

finally  at  28°  F  ±  2.5°  (-2°  C  ±  1°)  foi  the  1 

storage  period,  frees  weie  tied  into  25-tree  bundles,  [hen  ■ 

with  three  bundles  (75  trees)  pei  bag.  At  each  plan 

following  spring  the  requisite  number  ol  seed  ich  specie 

were  removed  from  the  free/ei  5  days  before  plan 

in  refrigerated  storage  at  34    to  36    1  (I    to  2    C)tothaw.B\ 

calling  this  treatment  "frozen"  we  mean  that  the  tin 

age  temperature  v  as  subfreezing.  I  ree  tissue 

not  determined. 

2.  Refrigerated.     On  March  18,  1972,  l,125treesol 
cies  weie  lifted  and  placed  in  refrigerated  stora 

1 1    to  2°  C|)  in  the  tree  sti 

weie  packaged  in  polyethylene  lined  Krafl  bags.  I  his 
standard  procedure  then  in  use  al  the  Nursen  .  \\  el  sph 
moss  was  placed  around  the  seedlings'  roots. 


3.  Snow  cached.— On  March  18,  1972,  1,125  trees  of  each 
species  were  lifted,  packaged,  and  stored  as  described  in  2  above. 
Five  days  later  these  seedlings  were  placed  in  a  snow  cache  near 
Coeur  d' Alene  at  an  elevation  of  4,800  ft  ( 1  463  m).  The  cache 
was  constructed  according  to  methods  described  by  Dahlgren 
and  others  (1974).  At  each  subsequent  planting  date  the  cache 
was  opened,  stock  removed,  and  the  cache  resealed.  The  cache 
was  still  usable  in  late  July,  long  after  the  last  stock  had  been 
removed. 

4.  Fresh.— Seedlings  were  freshly  lifted  just  prior  to  each 
planting,  refrigerated  at  34°  to  36°  F  ( 1  °  to  2  °  C)  overnight, 
and  planted  the  next  day. 

Stock  survival  after  planting  was  tested  using  the  Variable- 
Moisture-Stress-Plot  Technique  described  by  Boyd  and  others 
(1972).  Trees  were  planted  on  five  dates:  April  4,  April  25, 
May  16,  June  6,  and  June  27,  1972  (table  1).  On  each  date,  three 
25-tree  bundles  of  each  species  from  each  storage  treatment  were 
planted  in  each  of  three  moisture  stress  plots,  as  follows: 

Table  1.— Length  of   nursery  stock  storage  prior  to  planting, 
1971-72 


Length  of  storage 

Planting  date 

Snow  cached 

Refrigerated 

Frozen 

n 

April  4 

13 

18 

139 

April  25 

34 

39 

159 

May  16 

55 

60 

180 

June  6 

76 

81 

201 

June  27 

97 

102 

222 

1 .  Low  stress. — Soil  moisture  was  maintained  above  30  per- 
cent of  field  capacity  by  irrigation  and  periodic  removal  of  weed 
competition. 

2.  Moderate  stress. — Soil  moisture  was  allowed  to  deplete  to 
natural  levels.  Weed  competition  was  periodically  removed. 
Plots  were  not  irrigated. 

3.  Extreme  stress. — Soil  moisture  was  allowed  to  deplete  to 
natural  levels.  Weed  competition  was  undisturbed.  Plots  were 
not  irrigated. 

Seedlings  were  planted  12  inches  (30.48  cm)  apart,  within 
plowed  furrows  18  inches  (45.72  cm)  apart.  Transplanting 
boards  were  used  to  facilitate  planting.  Soil  moisture  in  the  plots 
was  monitored  during  the  summer  to  aid  in  timing  of  irrigation 
and  weeding. 

Until  all  five  plantings  were  completed,  soil  moisture  in  all  the 
stress  plots  was  kept  at  or  above  50  percent  availability  by  a  tem- 
porary watering  system.  After  July  1 ,  the  moderate  and  extreme 
stress  plots  were  not  watered.  Low  and  moderate  stress  plots 
were  weeded  every  4  weeks.  The  low  stress  plot  was  irrigated  five 
times  and  each  watering  lasted  an  average  of  6  hours.  An  average 
of  0.96  inches  (2.45  cm)  of  water  was  applied  at  each  watering. 
Distribution  of  rainfall  during  the  planting  and  stress  period  is 
shown  in  figure  1. 

Survival  tallies  were  made  on  August  1,  September  2,  and 
October  5,  1972.  Analysis  of  variance  for  a  factorial  design  was 
applied  to  the  October  5  data  of  each  species  with  tests  for  sur- 
vival differences  attributable  to  storage,  planting  date,  stress 
level,  and  possible  interactions  among  these  main  variables.  Sur- 
vival percentages  were  transformed  to  the  arc  sin  v'percent  for 
analysis. 
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Figure  1. — Growing  season  precipitation,  1972, 
Coeur  d' Alene,  Idaho. 

Results 

ENGELMANN  SPRUCE 

Figure  2  depicts  the  survival  of  spruce  under  all  of  the  test  con- 
ditions. With  increasing  stress,  the  average  survival  declined 
from  90  percent  under  low  stress  to  54  percent  at  moderate  stress 
and  finally  to  39  percent  under  the  severe  moisture  stress  regime, 
indicating  a  good  range  of  test  conditions.  Differences  were 
highly  significant  (table  2). 

Under  low  stress  conditions  (fig.  2a)  stock  storage  regimes  had 
no  significant  influence  on  survival  for  the  first  four  planting 
dates.  However,  survival  of  the  stock  planted  on  June  27  was 
greatly  influenced  by  storage  treatment.  Survival  of  spring-lifted 
stock  stored  in  both  snow  cache  and  regular  nursery  storage  was 
much  lower  for  the  June  27  planting. 

Moderate  stress  (fig.  2b)  produced  a  similar  but  less  uniform 
pattern  with  significant  survival  differences  attributable  to  stor- 
age evident  in  both  the  fourth  and  the  fifth  plantings.  This  pat- 
tern indicates  that  stock  deterioration  in  storage  and  greater 
planting  site  stresses  reduced  survival. 

Under  extreme  moisture  stress  (fig.  2c),  the  survival  of  spruce 
stock  became  quite  erratic,  but  the  trends  established  under  low 
and  moderate  stress  were  still  evident.  Much  of  the  variation  in 
survival  at  the  extreme  stress  level  may  have  been  caused  by  the 
inability  to  create  a  uniformly  severe  soil  moisture  stress  due  to 
chance  soil  moisture  and  weed  competition  variations. 

Of  particular  interest  was  the  performance  of  freshly  lifted  and 
planted  spruce  stock.  Lifting  and  planting  during  late  May  and 
early  June  caused  significantly  lower  survival  rates  than  either 
earlier  plantings  or  the  final  planting  of  June  27.  This  period  of 
poor  survival  coincides  with  the  period  of  rapid  shoot  elongation 
in  the  nursery.  By  June  27  elongation  had  probably  slowed  con- 
siderably and  succulent  new  tissue  had  probably  started  to 
harden.  Unfortunately,  no  data  are  available  to  test  this 
hypothesis. 

In  mid-July  some  outstanding  differences  in  spruce  bud  burst- 
ing and  subsequent  growth  were  noticed  and  data  on  bud  and 
shoot  abnormalities  were  gathered.  For  each  treatment  unit  a 
count  was  made  of  abnormal  terminal  shoots  and/or  buds,  and 
expressed  as  a  percentage  of  the  unit  population.  Since  the  buds 
of  the  trees  from  the  last  planting  (June  27)  were  just  beginning 
to  break,  they  were  not  considered  in  this  examination.  Stock 
lifted  in  the  spring  and  planted  shortly  afterward  had  by  far  the 
greatest  number  of  abnormal  terminal  buds  and  shoots  (27  per- 
cent) (table  3).  Seedlings  lifted  in  the  spring  and  stored  in  refrig- 
erators or  a  snow  cache  were  intermediate  in  frequency  of  ab- 
normal terminals  (8  to  10  percent).  The  least  abnormality  oc- 
curred in  seedlings  lifted  in  November  and  held  at  28°  F  (-2°  C) 
until  planted  (2+  percent). 
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Figure  2.  —  Firsi-season  survival  of  Engelmann  spruce  planting  slock  under  lour  storage  regimes, 
planted  throughout  the  spring  season.  Figures  in  parentheses  are  average  survivals  over  all  planting 
dates.  Significance  differences  attributable  to  storage  are  shown  by  *  and  **  (p  =  0.05  and  0.01,  re- 
spectively) and  connecting  arrows. 


Table  2.— Analysis  of  variance  table,  Engelmann  spruce,  1972 
study 


Source 


DF 


MS 


'Significant  at  the  99  percent  level  of  confidence 


Prob.  <F 


Blocks 

2 

0.4222 

8.3470" 

0.0007 

Storage 

3 

.2528 

4.9969" 

.0031 

Date 

■I 

1.0478 

20.7144" 

.0001 

Stress 

2 

7.9724 

157.6035" 

.0001 

Storage  X  date 

12 

.2704 

5.3453" 

.0001 

Storage  X  stress 

6 

.0772 

11.5252 

.1750 

Date  X  stress 

b 

0887 

1.7544 

.0926 

Storage  X  date  X  stress 

24 

.0300 

.5925 

.9308 

Error 

118 

.0506 

Table   3.  — Abnormal    terminal    buds   on    Engelmann   spruce   by 
storage  and   planting  date.  1971-72 

Dl       .  Stock  storage  treatment 


date 

Snow 

Regular 

Fresh 

Frozen 

April  4 

0  3 

124 

14.6 

April  25 

4.0 

8.0 

27.5 

3  0 

May  16 

222 

0  3 

324 

2  b 

June  6 

5.3 

6.6 

284 

1  3 

Average 

10.2 

8.1 

26.7 

23 

LODGKPOLEPINE 

The  soil  moisture  stress  levels  applied  in  the  test  had  no  influ- 
ence on  lodgepole  pine  stock  (fig.  3).  Survival  averaged  90  per- 
cent at  all  three  stress  levels.  Obviously,  the  test  procedures  failed 
to  create  a  sufficient  range  of  moisture  stress  to  adequately  test 
this  species.  This  survival  tenacity  of  lodgepole  pine  under  mois- 
ture stress  conditions  that  were  so  devastating  to  spruce  and  larch 
stock  was  rather  surprising.  Previous  testing  of  ponderosa  pine, 
considered  the  most  drought  tolerant  of  species  raised  at  the 


Coeur  d'  Alene  Nursery,  has  resulted  in  very  low  survival  rates  at 
high  stress  levels  (Boyd  and  others  1972). 

Both  storage  regime  and  planting  date  had  a  highly  significant 
effect  on  pine  survival  at  all  stress  levels  (table  4).  Until  the 
June  27  planting,  survival  was  excellent  at  all  stress  levels  and 
storage  regimes.  Stock  stored  in  regular  nursery  storage  virtually 
failed  when  planted  in  late  June.  Stock  stored  in  the  snow  cache 
survived  significantly  better,  but  still  compared  poorly  to  frozen 
and  fresh  stock. 
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Figure  3.— First-season  survival  of  lodgepole  pine  planting  stock  under  four  storage  regimes, 
planted  throughout  the  spring  season.  Figures  in  parentheses  are  average  survivals  over  all  planting 
dates.  Significance  differences  attributable  to  storage  are  shown  by  *  and  **  (p  =  0.05  and  0.01,  re- 
spectively) and  connecting  arrows. 
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Table  4.— Analysis  of  variance  table,  lodgepole  pine,  1972  study 


Source 

DF 

MS 

F 

Prob.      F 

Blocks 

2 

0.0375 

2.7535" 

0.066 

Storage 

3 

.2190 

16.0772" 

.0001 

Date 

4 

2.5211 

185.0968*  * 

.0001 

Stress 

2 

.0380 

2.7920 

0636 

Storage  X  date 

12 

.5275 

38.7251" 

.0001 

Storage  X  stress 

6 

.0509 

3.7343" 

0023 

Date  X  stress 

8 

.0061 

.4500 

8886 

Storage  X  date  X  stress 

24 

.0169 

1.2417 

.2214 

Error 

118 

.0136 

"Significant  at  the  99  percent  level  of  confidence 

WESTERN  LARCH 

All  three  main  variables  (storage,  stress,  and  planting  dale) 
had  highly  significant  influences  on  larch  survival  in  the  analysis 
of  variance  (table  5).  Storage-date  interaction  was  also  highly  sig- 
nificant; stress-date  interaction  was  significant.  Increasing  stress 
caused  a  significant  decline  in  the  survival  of  western  larch  as  it 
did  with  Engelmann  spruce  (fig.  4).  At  the  low  stress  level 
(fig.  4a)  survival  generally  declined  when  trees  were  planted  later 
than  the  second  planting  (April  25)  regardless  of  storage.  Fro/en 
stock  survived  exceptionally  well  (above  80  percent)  even  when 
planted  as  late  as  June  27.  Survival  of  freshly  lifted  stock  de- 
clined when  planted  after  April  25  and  reached  a  low  of  30  per- 
cent survival  at  the  fourth  (June  6)  planting,  but  regained  its  po- 
tential when  lifted  and  planted  on  June  27.  Snow  cache  and 
regularly  stored  stock  survived  well  when  planted  through  June  6 
but  failed  when  held  until  June  27  for  planting. 

Moderate  stress  reduced  overall  survival  and,  as  with  spruce, 
resulted  in  an  expression  of  storage  deterioration  at  an  earlier 
planting  date  than  at  low  stress  levels  (fig.  4b).  Survival  under 
moderale  stress  declined  to  unacceptable  levels  (30  to  50  percent) 
by  the  third  planting  (May   16).  Survival  increased  from  the 
fourth  to  the  fifth  planting  with  freshly  lifted  stock.  Both  fresh 
and  fro/en  stock  survived  significantly  better  than  regular  or 
snow  cache  stock  from  the  last  planting. 

Under  extreme  stress  the  same  pattern  prevailed  but  at  a  lower 
overall  survival  rate  (29  percent)  and  with  less  overall  variability 
in  survival  rates  (fig.  4c). 

Table  5.— Analysis  of  variance  table,  western  larch,  1972  study 


Source 

DF 

MS 

F 

Prob.      F 

Blocks 

2 

0.1956 

5.6845** 

0.0047 

Storage 

3 

.5000 

14.5315** 

.0001 

Date 

4 

2.2613 

65.7300'* 

.0001 

Stress 

2 

5.2465 

152.5015" 

.0001 

Storage  X  date 

12 

.4905 

14.2583" 

.0001 

Storage  X  stress 

6 

0330 

9588 

.5427 

Date  X  stress 

8 

.0773 

2.2484' 

.0282 

Storage  X  date  X  stress 

24 

.0404 

1.1749 

.2787 

Error 

118 

.0344 

Discussion 

Interpretation  ol  these  results  should  be  tempered  In  ih 
/ation  that  there  is  a  possible  confounding  of  stre 
date.  It  was  obvious  by  mid  luly  that  the  weed  growth  ii 

planted  in  April  and  mid-Mav  was  more  abundani 
than  in  areas  plained  in  June.  Soil  moisture  moniti  h 
adequate  to  verif\  any  differences  in  soil  moisture  deplei 
dated  with  planting  date.  Nevertheless,  we  cannoi   i 
depletion  rates  during  the  stressing  period  did  not  van  In  ; 
ing  date.  Ii  is  also  possible  that  there  could  have  been  inadv 
stressing  ol  trees  prior  to  July  l  when  the  planned  sties 
started.  Due  lo  weed  differences  associated  with  plan: 
(his  stressing  could  have  varied  with  the  planting  date.  Such  a 
variation  mav  account  for  (he  tendency  in  all  species  foi  sui 
lo  be  less  from  the  first  planting  than  from  the  second  planting 
under  moderate  and  severe  stress  levels. 

II  the  observed  greater  weed  growth  in  the  earl\  plain  ii 
plied  more  siress  to  seedlings  planted  e.ulv  and  less  to  set 
planted  later,  the  effect  ol  planting  date  on  survival  as  re| 
in  our  data  may  be  a  conservative  estimate.  I  Ins  confounding 
would  affect  the  magnitude  bin  not  the  direction  of  the 
effects. 

The  performance  of  the  freshly  lilted  and  planted  stock  was 
the  most  surprising  result  ol  this  studv .  Fresh  spruce  and 
pole  pine  stock  survived  as  well  as,  or  better  than,  all  othei  stock 
at  each  planting  date  and  stiess  level,  fresh  larch  stock  sui 
poorly  compared  to  stored  stocks  lor  the  Mav    16  and  June  fi 
plantings,  but  had  the  best  average  survival  rate  in  the  June  27 
planting.  Whether  survival  ol  freshly  lilted  stock  undei 
ditions  imposed  in  this  study  has  any  practical  application  could 
only  be  determined  by  further  study.  J  his  type  ol  "hoi 
ing"  may  have  limited  utility.  In  this  studv  the  maximum  time 
between  lilting  and  planting  was  I  day,  hardh  typical  n 
usual  planting  operation.  Should  longer  periods  ol  held  st i 
have  a  different  effect  on  the  various  stocks  studied,  the 
of  typical  operational  field  plantings  with  "fresh"  stock  con 
much  different  from  the  results  of  this  siudv 

I  est  the  temperature  of  the  fro/en  stock  he  considered  the 
cause  ol  its  performance,  it  should  he  pointed  out  that  the  tunc 
ai  which  the  fro/en  stock  was  lifted  mav  he  as  important  oi  more 
important  than  the  storage  temperature.  Stock  for  this  treatment 
was  lifted  in  a  stale  of  rest  or  deep  dormancy  before  lis  chilling 
requirements  had  been  satisfied  (Romhergei  I963).  I  he  relative 
importance  ol  temperature  and  state  ol  dormancv  needs  nunc 
clarification.  I  he  low  incidence  ol  abnormal  terminal  buds  and 
shoots  in  frozen  spruce  slock  suggests  that :  ( I )  hud  chilli 
quirementsare  not  being  satisfied  with  normal  overwintei  nuis- 
ery  field  climate,  lifting,  and  storage  regimes,  oi  (2)  spun;.'  ! 
and  storage  procedures  upsci  the  normal  pattern  ol  act  hit  \  and 
growth. 


'Significant  at  the  95  percent  level  of  confidence 
••Significant  at  the  99  percent  level  of  confidence 
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Figure  4.— First-season  survival  of  western  larch  planting  stock  under  four  storage  regimes,  planted 
throughout  the  spring  season.  Figures  in  parentheses  are  average  survivals  over  all  planting  dates. 
Significance  differences  attributable  to  storage  are  shown  by  *  and  **  (p  =  0.05  and  0.01,  respec- 
tively) and  connecting  arrows. 
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PHASE  II.  FIELD  SURVIVAL  AND 
GROWTH  TESTS,  1973 

While  the  1972  moisture  stress  plot  evaluation  of  the  storage 
regimes  and  planting  dates  provided  some  valuable  leads,  testing 
under  field  conditions  was  needed  to  verify  trends.  The  validity 
of  the  moisture  stress  plot  technique  also  needed  testing,  espe- 
cially when  planting  date  was  a  study  variable.  Consequently,  a 
small,  single-season  field  test  was  installed  on  the  Coeur  d'Alene 
National  Forest  in  1973. 


Methods 

The  same  three  species  (Engelmann  spruce,  lodgepole  pine, 
and  western  larch)  were  tested.  Storage  treatments  were  frozen, 
refrigerated,  and  fresh,  all  conducted  in  the  same  manner  as  in 
the  1972  study.  Snow  cache  storage  was  omitted  in  the  interest  of 
economy — we  felt  that  the  technique  already  had  been  ade- 


quately field  tested.  Stock  for  overwinter  storage  was  lifted  be- 
tween November  27  and  December  1,  1972,  preconditioned  at 
34°  to  38°  F(l°to3°  C)  until  December  7,  then  packed  in  4-mil 
polyethylene  bags,  sealed,  and  placed  in  28°  F  (-2°  C)  storage 
until  removed  for  planting.  All  trees  for  regular  refrigerated  stor- 
age were  lifted  on  March  19,  1973,  packed  in  polyethylene-lined 
Kraft  bags,  and  placed  in  34°  to  38°  F  (1°  to  3°  C)  storage.  All 
frozen  stock  was  removed  from  storage  4  to  5  days  prior  to 
planting  and  held  at  34°  to  38°  F(l°to3°  C)  until  the  day  of 
planting.  Fresh  stock  was  lifted  the  day  before  planting  (table  6). 

A  total  of  3,600  trees  were  planted,  1 ,200  of  each  species,  in 
100-tree  lots,  each  with  a  specific  treatment/species/planting 
date  combination.  Each  lot  was  planted  in  two  50-tree  rows  sepa- 
rated by  the  other  rows  of  species  and  treatments  for  that  plant- 
ing date.  Spacing  of  trees  was  approximately  3  ft  by  3  ft  (1  m  by 
1  m).  All  trees  were  hand  planted  in  auger-drilled  holes.  Each 
tree  was  staked  and  identified  to  allow  accurate  survival  checks. 

The  study  site  provided  uniformity  of  soil,  aspect,  and  site 
preparation  treatment.  The  area  is  approximately  8  miles  east  of 


Table  6.  — Length  of   nursery  stock   storage,   in  days,   prior   to 
planting,  1972-73 


Storage  method  and  length  of  storage 


Planting  date,  1973 


Refrigerated 


Frozen 


Fresh 


April  18 
May  9 
May  30 
June  20 


30 

51 
72 
93 


Days 

1401 

161 

182 

203 


None 
None 
None 
None 


Approximate,    seedlings    were    lifted    between    November    27    and 
December  1,  1972  (135  to  139  days  prior  to  April  18). 

Coeur  d'Alene,  Idaho.  It  was  logged  in  1971 ,  slashed,  and  pre 
scribed  broadcast  burned  in  1972.  Burning  was  quite  complete 
with  all  small  slash  consumed;  a  number  of  small  logs  on  the 
ground  were  charred  and  not  completely  burned.  The  site  is  typ- 
ical of  the  grand  fir/pachistima  habitat  type  (Daubenmire  and 
Daubenmire  1968).  West  and  north  aspects  were  represented. 
Western  larch  and  lodgepole  pine  were  planted  in  one  block  on  a 
uniform  west  aspect  while  the  spruce  was  planted  on  a  northerly 
aspect . 

The  summer  of  1973  was  extremely  dry  and  hot  compared  to 
normal  weather  for  the  area  (fig.  5).  April  through  August  pre- 
cipitation was  5 1  percent  of  normal.  Such  weather  was  favorable 
for  the  field  test  because  application  of  a  high  degree  of  moisture 
stress  to  the  seedlings  was  desirable. 

Survival  was  checked  at  the  end  of  the  first  and  third  growing 
seasons  (1973  and  1975).  The  total  height  of  sample  trees  (every 
third  survivor)  was  measured  in  the  fall  of  1975  to  the  nearest 
inch.  Third-year  survival,  third-year  height,  and  stem  production 
(stem  length  produced  per  100  planted  trees)  were  analyzed  by 
standard  analysis  of  variance  procedures  for  a  factorial  design. 
Species  was  included  in  the  anahsis  as  a  main  effect  variable.  Re- 
sults of  the  analysis  are  shown  in  figures  6  through  14.  Analysis 
of  variance  statistics  are  summarized  in  tables  7  through  9. 
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Figure  5. — Growing  season  precipitation,  1*^73, 
Coeur  d'Alene,  Idaho. 


Results 

ENGEEMANN SPRUCE 

Survival  (fig.  6). — Average  overall  survival  ol  spruce  was 
58  percent,  significantly  lower  than  survival  ol  larch  and  lodge 
pole  pine.  This  probably  doesn't  reflect  true  spruce  potential, 
since  the  site  was  marginal  tor  spruce.  Survival  ranged  from 
91  percent  to  29  percent  with  a  general  decline  as  the  planting 
season  progressed.  With  an  average  survival  of  82  percent,  the 
April  18  planting  survival  was  significantly  better  than  the  sui 
vival  of  the  May  9  planting  (62  percent  survival)  winch  was  sig 
niflcantly  better  than  the  two  later  plantings  (44  percent  and 
45  percent  survival).  For  all  planting  dates  survival  was  best  with 


rclrigerated  (65  percent)and  frozen  (61  percent)  stock.  I  resh 
stock  averaged  onlv.  50  percent  survival.  I  he  survival  ol  the 
Mav  9  plantings  was  probably  depressed  In  an  unusualh  warm, 
div  period  ol  13  tlavs  |  (Mowing  plaining,  a  natural  factoi  that 
did  not  occur  in  the  previous  experiment  in  the  moisture  si i ess 
plots. 
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Figure  6. — Effects  of  storage  regime  and  planting 
date  on  third-year  survival  of  field-planted 
Kngelmann  spruce  stock.  Average  survival  percent- 
ages (in  a  row  for  planting  date  and,  for  storage  treat- 
ment, in  a  column)  followed  h>  the  same  letter  are 
not  significant!)  different  (p     0.05).  Survival  per- 
centage levels,  within  a  planting  date,  connected  b> 
arrows  with  an  accompanying  asterisk  arc  signifi- 
cantly different  (p     0.05). 

Table  7.— Analysis  of  variance  for  survival,  1973  field  trials 


Source 

DF 

MS 

F 

Prob.      F 

Replication 

1 

3.1250 

407 

0.7110 

Species 

2 

549.0556 

24  7203" 

.0001 

Storage 

2 

2180556 

9.8176" 

.0007 

Planting  date 

3 

1,089.9398 

49.0727" 

.0001 

Species  X  storage 

4 

35.2639 

1.5877 

.1984 

Species  X  planting 

date 

6 

105.6481 

4.7566* 

0015 

Storage  X  planting 

date 

6 

544259 

2  4504- 

0435 

Species  X  storage 

X 

planting  date 

12 

42.8009 

1.9270 

.0648 

Error 

35 

22.2107 

'Significant  at  the  95  percent  level  of  confidence 
1  'Significant  at  the  99  percent  level  of  confidence 


Table  8.— Analysis  of  variance  for  plant  height,  1973  field  trials 


Source 

DF 

MS 

F 

Prob.  <  F 

Replication 

1 

4.0139 

0.7453 

0.6019 

Species 

2 

1,339.1885 

248.6608** 

.0001 

Storage 

2 

38.2001 

7.0930* 

.0029 

Planting  date 

3 

137.7046 

25.5690** 

.0001 

Species  X  storage 

4 

16.8481 

3.1284* 

.0263 

Species  X  planting 

date 

6 

33.2164 

6.1676* 

.0003 

Storage  X  planting 

date 

6 

6.9492 

1.2903 

.2866 

Species  X  storage 

X 

planting  date 

12 

5.0360 

.9351 

.5247 

Error 

35 

•Significant  at  the  95  percent  level  of  confidence. 
•'Significant  at  the  99  percent  level  of  confidence. 


Table  9.— Analysis  of  variance  for  stem  production,  1973  field 
trials 


Source 


Replication 
Species 
Storage 
Planting  date 
Species  X  storage 
Species  X  planting  date 
Storage  X  planting  date 
Species  X  storage  X 

planting  date 
Error 


DF 

MS 

F 

Prob.  <  F 

1 

0.9239 

0.1040 

0.7475 

2 

780.3405 

87.8789** 

.0001 

2 

127.3136 

14.3376** 

.0001 

3 

451.0427 

50.7947** 

.0001 

4 

25.1816 

2.8358* 

.0383 

6 

65.4484 

7.3705** 

.0001 

6 

24.9826 

2.8134* 

.0241 

12 

14.5019 

1.6331 

.1271 

35 

310.7904 

8,8797 

'Significant  at  the  95  percent  level  of  confidence. 
"Significant  at  the  99  percent  level  of  confidence. 


Growth  (fig.  7).— Three  years  after  planting,  the  average 
height  of  the  surviving  spruce  trees  was  15  inches  (38. 10  cm), 
ranging  from  1 1  inches  (27.94  cm)  to  18  inches  (45.72  cm).  For 
all  storage  treatments,  trees  from  the  April  18  planting  were 
taller  than  trees  planted  on  June  20(17  inches  [43.18  cm]  vs. 
13  inches  [33.02  cm]).  There  was  no  significant  difference  in  the 
average  height  that  could  be  attributed  to  storage  treatment. 

Stem  production  (fig.  8).— Planting  date  strongly  influenced 
spruce  stem  production.  Over  the  3-year  period,  average  produc- 
tion per  100  planted  trees  ranged  from  1 16  ft  (35.36  m)  for  the 
April  18  planting  to  49  ft  (14.93  m)  for  the  June  20  planting. 
Production  extremes  varied  from  35  ft  (10.67  m)  for  fresh  stock 
planted  on  May  30  to  135  ft  (41.15  m)  for  frozen  stock  planted 
on  April  18.  Storage  treatment,  averaged  over  all  planting  dates, 
also  had  a  significant  influence  on  productivity,  with  fresh  stock 
producing  much  less  (59  ft  [17.98  m])  than  either  frozen  (77  ft 
[23.47  m])  or  refrigerated  (85  ft  [25.91  m])  stock. 


Averages 
Storage  Treatments 

Fresh  -  14 "a 

Ret.  -16  "a 

Frozen  - 15"  a 

Planting  Dates 

4/18  -  17  "  a 
5/9-  14"  a.b 
5/30-15"  a.b 
6/20  -  13  "b 
average  - 15" 


April  18 


May  9  May  30 

PLANTING  DATE 


June  20 


Figure  7. — Effects  of  storage  regime  and  planting 
date  on  third-year  height  of  field-planted  Engelmann 
spruce  stock.  Columns,  within  a  planting  date  group, 
topped  by  the  same  letter  are  not  significantly  dif- 
ferent (p  =  0.05).  Averages,  of  storage  treatments  or 
planting  dates,  followed  by  the  same  letter  are  not 
significantly  different  (p  =  0.05). 
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Figure  8. — Effects  of  storage  regime  and  planting 
date  on  third-year  stem  production  of  field-planted 
Engelmann  spruce  stock.  Columns,  within  a  planting 
date  group,  topped  by  the  same  letter  are  not  signifi- 
cantly different  (p  =  0.05).  Averages,  of  storage  treat- 
ments or  planting  dates,  followed  by  the  same  letter 
are  not  significantly  different  (p  =  0.05). 


ODGKPOLEP1NE 

Survival  (fig.  9). —  Average  lodgepole  pine  survival  was 
Mil,  and  ranged  from  a  low  of  51  percent  to  a  high  ol  9< 
:nt.  Average  survival  of  frozen  and  regular  slock  over  all 
ig  dates  was  over  80  percent,  significantly  better  than  -' 

fresh  stock  (6S)  percent).  I  'his  difference  was  due  to  the  tela 
vely  poor  survival  oi  fresh  stock  planted  on  May  9,  30,  and 
une  20.  Survival  declined  as  the  plantings  were  delayed,  bu 
eehne  was  not  as  severe  as  it  was  with  spi  6)  and  larch 

ig.  12). 

Growth  (fig.  10). — The  3-year  height  of  lodgepole  pine  aver- 
ted 21  inches  (53.34  cm)  and  ranged  from  17  inches  (43.  IS 
)  25  inches  (63.50  cm).  Refrigerated  stock  was  significantly 
iller  (23  inches  [58.42  cm])  than  the  fresh  stock  (20  inches 
^0.80  cm]),  but  not  significantly  taller  than  the  frozen  stuck 

1   inches  [53.34  cm]).  Stock  planted  on  June  20  was  5  to 

inches  (12  70to  15.24  cm)  shorter  than  trees  planted  eai 
le  planting  season. 

Stem  production  (fig.  11).  —  I  odgepole  pine  averaged  140  ft 
12.67  m)  of  stem  production  per  100  planted  trees  in  the  3-yeai 
eriod.  ranging  from  70  ft  (21.33  m)  to  190  ft  (57.91  m).  When 
3tals,  by  treatment,  for  all  planting  dates  were  averaged,  i 
rated  stock  production  was  highest  (160  ft  [48.77  m|)  and  fresh 
lock  the  lowest  (112  ft  [34.14  m]).  frozen  stock  averaged  145  ft 
14.19  in)  of  stem  growth  per  100  planted  trees.  Production 
fesh  stock  was  definitely  inferior  to  that  from  refrigerated  and 
rozen  stock  for  all  except  the  April  18  planting.  Stem  produc- 
lon  for  the  June  20  planting  (89  ft  [27.13  m])  was  considerably 
elowthat  for  earlier  plantings  (135-173  ft  [41.15-52.73  m|). 
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Figure  9.— Effects  of  storage  regime  and  planting 
late  on  third-year  survival  of  field-planted  lodgepole 
line  stock.  Average  survival  percentages  (in  a  row  for 
ilantingdate  and,  for  storage  treatment,  in  a  col- 
imn)  followed  hv  the  same  letter  are  not  significant!) 
lifferent  (p  0.05).  Survival  percentage  levels,  wilhin 
i  planting  date,  connected  by  arrows  with  an  accom- 
panying asterisk  are  significantly  different  (p     0.05). 
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WESTERN  LARCH 

Survival  (fig.  12).— The  overall  survival  of  western  larch  after 
3  years  was  65  percent,  ranging  from  33  percent  to  94  percent. 
Both  storage  method  and  planting  date  have  had  a  strong  effect 
upon  survival.  For  all  planting  dates  the  larch  stored  over  winter 
in  frozen  condition  survived  better  (71  percent)  than  either  fresh 
or  refrigerated  stock  (both  62  percent),  but  these  differences 
were  not  statistically  significant.  Survival  of  the  April  18  planting 
(87  percent)  was  significantly  better  than  all  other  plantings;  sur- 
vival of  the  June  20  planting  (39  percent)  was  significantly 
poorer  than  all  others. 
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Figure  12. — Effects  of  storage  regime  and  planting 
date  on  third-year  survival  of  field-planted  western 
larch  stock.  Average  survival  percentages  (in  a  row 
for  planting  date  and,  for  storage  treatment,  in  a  col- 
umn) followed  by  the  same  letter  are  not  significant!) 
different  (p  =  0.05).  Survival  percentage  levels,  within 
a  planting  date,  connected  by  arrows  with  an  accom- 
panying asterisk  are  significantly  different  (p  =  0.05). 

Growth  (fig.  13).— Growth  averaged  30  inches  (76.20  cm)  for 
all  storage  and  planting  date  treatment  combinations,  with  a 
range  from  21  inches  (53.34  cm)  to  37  inches  (93.98  cm).  For  all 
planting  dates,  frozen  stock  grew  best  (33  inches  [83.82  cm])  and 
fresh  stock  grew  poorest  (27  inches  [68.58  cm]).  Planting  date 
had  an  even  stronger  influence.  Growth  ranged  from  32  to 
36  inches  (81.28  to  91.44  cm)  for  the  April  18  and  May  9  plant- 
ings, to  23  inches  (58.42  cm)  for  the  late  June  planting.  Frozen 
stock  consistently  had  the  greatest  third  year  height,  and  fresh 
stock  was  almost  as  consistently  the  shortest  after  3  years.  The 
effects  of  late  planting  in  reduced  height  growth  were  more  pro- 
nounced with  fresh  and  refrigerated  storage  stock  than  with  the 
frozen  stock. 

Stem  production  (fig.  14).— Larch  averaged  168  ft  (51.20  m) 
of  stem  production  per  100  planted  trees,  and  ranged  from  278  ft 
(84.73  m)to59  ft  (17.98  m).  When  stem  production  was  aver- 
aged over  all  planting  dates,  frozen  stock  outproduced  refrig- 
erated and  fresh  stock  by  a  wide  margin  (201  ft  [61 .28  m]  vs. 
162  ft  [49.38  m]  and  141  ft  [42.97  m],  respectively).  Averaged 
over  all  storage  treatments,  growth  ranged  from  232  ft  (70.71  m) 
for  the  April  18  planting,  to  74  ft  (22.55  m)  for  the  June  20 
planting. 
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Fresh  -27"  b 

Ref.  -  30"  b 

Frozen  -  33"  a 
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Figure  13.— Effects  of  storage  regime  and  planting 
date  on  third-year  height  of  field-planted  western 
larch  stock.  Columns,  within  a  planting  date  group, 
topped  by  the  same  letter  are  not  significantly  dif- 
ferent (p  =  0.05).  Averages,  of  storage  treatments  or 
planting  dates,  followed  by  the  same  letter  are  not 
significantly  different  (p  =  0.05). 
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Figure  14. — Effects  of  storage  regime  and  planting 
date  on  third-year  stem  production  of  field-planted 
western  larch  stock.  Columns,  within  a  planting  date 
group,  topped  by  the  same  letter  are  not  significantly 
different  (p  =  0.05).  Averages,  of  storage  treatments 
or  planting  dates,  followed  by  the  same  letter  are  not 
significantly  different  (p  =  0.05). 
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Discussion 


RKCOMMINDATIONS 


Results  from  both  tests  reported  on  here  show  that  overwintet 
storage  of  planting  stock  at  subfreezing  temperatures  results  in 
survival  and  growth  rates  equal  to  or  better  than  those  obtained 
with  conventional  spring  lift-cold  storage  procedures.  In  only  a 
few  situations  was  the  survival  of  frozen  stock  significantly  less 
than  that  of  regular  stock.  Moisture  stress  plot  test  results  were 
not  completely  verified  by  the  field  tests,  however.  In  the  field 
test,  survival  of  late  planted  frozen  and  fresh  stock  did  not  ex- 
ceed the  survival  of  regular  stock  as  in  the  moisture  stress  plot 
test.  The  difference  in  results  can  probably  be  attributed  to  the 
failure  of  the  stress  plot  test  to  provide  for  decreasing  soil  mois- 
ture supply  for  the  later  planting.  It  was  thought  that  keeping  the 
stress  plots  at  relatively  high  soil  moisture  levels  until  July  I 
would  emulate  natural  precipitation  and  soil  moisture  conditions 
in  the  field.  Either  this  was  not  true,  or  the  postplanting  soil 
moisture  depletion  in  the  field  was  more  rapid  than  in  the  stress 
plots.  Of  course,  both  factors  could  have  contributed  to  the 
differences. 

Because  of  this  difference,  the  stress  technique  as  used  here  is 
not  recommended  for  tests  that  involve  variations  in  planting 
date.  A  stress  plot  test  using  a  modified  physical  arrangement 
and  improved  soil  moisture  monitoring  and  control  is  feasible, 
however. 

Operationally,  the  frozen  storage  technique  has  great  potential 
value  for  spreading  nursery  work,  especially  stock  lifting  and 
packing,  over  a  longer  time  span.  This  could  result  in  increased 
efficiency  of  operation  and  better  utilization  of  nursery  facilities. 
Furthermore,  seedlings  can  be  lifted  in  a  fully  dormant  condition 
and  stored  at  temperatures  which  effectively  retard  fungal  activ- 
ity. Complete  satisfaction  of  chilling  requirements  may  be  an  ad- 
ditional benefit. 

Seedlings  which  must  be  stored  until  high  elevation  sites  open 
late  in  the  planting  season  also  store  better  frozen.  Freshly  lifted 
stock,  which  has  neared  or  reached  the  end  of  the  initial  rapid 
shoot  elongation  period  in  the  spring,  has  good  survival  potential 
only  if  unusually  good  soil  moisture  and  atmospheric  conditions 
prevail  following  planting. 


1 .  Frozen  storage  ovei  wintet  ol  F.ngelmann  \\ 

pine,  and  western  larch    in  (he  mam  ied,  simulai 

tural  overwinter  conditions.  It  is  feasible  ;  lortanl 

advantages  ovei  othei  storage  methods,  especially  lot  stocl 
planted  late  in  the  planting  season. 

2.  Regardless  eft  he  si  used,  early  plan 
in  better  survival  and  subsequent  growth.  Fall  lift  it 

winter  storage  should  facilitate  early  planting,  especially  in  years 
when  weather  conditions  preclude  early  lilting  ol  stock  at  the 
nursery. 

3.  Frozen  storage  is  probably  extendable  to  othei  westt 
iters.  Validation  ol  this  assumption  is  needed. 

4.  Plaiumg  freshly  lifted  stock  late  in  the  planting  season, 
after  most  stem  elongation  has  taken  place,  is  biolo 

ible,  but  operationally  difficult.  Such  plantii 
rates  well  above  those  of  trees  coming  out  ol  long-term  sir 
but  fresh  stock  of  this  sort  must  be  replanted  very  soon  alter  lilt- 
ing to  avoid  severe  mortality.  Such  stock  must  be  Healed  del 
icately  in  the  interval  between  lifting  and  planting.  It  is  better  to 
plant  dormant  trees  early  in  the  season  lot  both  growth  and 
survival. 

5.  More  study  is  needed  to  determine  the  effects  of  fall  lifting 
dates  on  the  survival  and  growth  potential  of  stock  stored  over 
winter  and  on  methods  to  determine  when  stock  is  physii 

ally  ready  for  lifting.  Until  information  is  available,  u  is  recom- 
mended that  stock  not  be  lilted  prior  to  Novembei   I  or  until 
there  is  suitable  evidence  that  the  stock  is  "dormant"  and  that 
food  reserves  are  at  a  high  level.  The  current  practice  at  the 
Coeur  d'Alene  Nursery  involves  testing  the  plains'  acti\  ity  siatus 
using  the  oscilloscope  technique  desci  ibed  by  Ferguson  and 
others  ( 1975).  Plants  are  not  lilted  until  2  weeks  aftet  they  show 
a  "dormant"  oscilloscope  trace. 

6.  The  described  frozen  storage  max  provide  lot  more  com 
plete  satisfaction  of  the  "chilling  requirements"  ol  Fngeimann 
spruce  buds  leading  to  more  normal  bud  break  and  shoot  growth 
than  that  obtained  with  othei  lilting  and  storage  procedures. 

7.  Methods  and  studies  of  overwintet  cold  storage  of  nursery 
stock  are  well  documented  and  the  procedure  can  be  made  oper- 
ational in  most  cases  if  cold  storage  facilities  are  available. 
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The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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RESEARCH  SUMMARY 

Variations  in  estimates  of  intervals  between  wildfires 
(occurring  between  the  years  1600  and  1910)  are  examined 
in  relation  to  the  size  of  fire  history  sample  units.  This 
comparison  is  based  on  re-analysis  of  data  from  an  earlier 
study,  including  904  fire  scars  from  172  trees  on  three 
study  areas  on  the  Bitterroot  National  Forest,  Mont.  Fire 
history  evidence  is  examined  within  sample  units  of  five 
sizes,  ranging  from  a  point  on  the  ground  (records  from  a 
single  tree)  to  those  contained  on  all  sample  trees  in  a 
large  stand  (200  to  800  acres;  80  to  320  hectares). 

Mean  fire  intervals  are  compared  for  each  size  class  of 
sample  units  within  each  of  five  forest  zones  for  the  three 
study  areas.  Mean  fire  intervals  for  larger  units  are 
shortest  because  they  designate  the  occurrence  of  fire 
somewhere  within  the  unit.  Mean  fire  intervals  are  gener- 
ally longest  for  the  point  on  the  ground  (or  single  tree), 
but  such  intervals  are  often  incomplete  because  light  fires 
often  failed  to  scar  individual  trees  in  their  path.  Also,  in 
areas  having  long  fire  intervals  it  is  difficult  to  reconstruct 
intervals  from  a  single  tree  because  at  least  two  fire  scars 
are  necessary.  Therefore,  construction  of  a  master  fire 
chronology  based  on  records  from  several  trees  is  gen- 
erally advantageous. 

The  authors  recommend  basing  calculations  of  fire  in- 
tervals on  small-  to  medium-sized  sample  units— between 
1  and  100  acres  (0.4  and  40  hectares)  depending  upon  the 
type  of  forest  studied.  They  also  stress  the  importance  of 
interpreting  the  size  of  sample  units  when  comparing  fire 
intervals  from  different  studies. 
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INTRODUCTION 

Anyone  who  has  studied  fire  history  over  a  sizeable  area  of 
land  has  faced  the  problem  of  reporting  findings  in  terms  that 
will  be  most  meaningful  for  land  managers  and  scientists. 
Researchers  have  commonly  reported  the  mean  fire  interval  (in- 
terval between  fires)  during  the  250-  or  300- year  period  before 
fire  suppression  began  in  the  early  1900's.  Mean  fire  intervals 
can  be  calculated  for  a  continuum  of  stand  sizes,  however, 
ranging  from  entire  watersheds  to  single  points  (individual 
trees). 

The  mean  fire  interval  for  a  large  area  is  often  calculated  by 
combining  all  fire  years  that  have  been  identified  at  sample 
points  (individual  fire-scarred  trees)  within  it  into  a  master  fire 
chronology  covering  the  entire  area.  (Fire  history  terminology 
used  here  is  based  on  Romme  1980).  Mean  fire  intervals  calcu- 
lated from  a  master  fire  chronology  probably  tend  to  be 
shortened  as  the  study  area  becomes  larger  and  more  sample 
trees  (points)  are  included.  This  reduction  of  fire  intervals  with 
increasingly  large  sample  areas  would  result  primarily  because 
many  fires  burned  only  small  portions  of  the  area.  Thus  when 
such  fires  (fire  years)  are  incorporated  into  a  master  fire 
chronology,  it  must  be  remembered  that  the  data  (including 
mean  fire  intervals)  represent  only  the  occurrences  of  fire 
somewhere  within  the  sample  area.  Another  problem  with  cal- 
culating mean  fire  intervals  for  large  areas  is  that  such  areas 
often  include  several  different  habitats  that  have  different  fire 
histories.  A  fire-interval  statistic  based  on  large  areas,  therefore, 
is  of  limited  use  for  characterizing  the  fire  history  in  smaller 
stands. 


Conversely,  estimates  based  on  lire  scars  from  a  single  tree 
can  be  expected  to  overestimate  the  length  of  mean  fire  inter- 
vals. This  occurs  because  light  surface  fires  often  fail  to  inflict 
a  new  wound  even  on  previously  scarred  trees  (Houston  1973; 
Arno  1976;  Dieterich  1980).  On  the  other  hand,  records  from  a 
single  tree  might  include  scars  from  tiny  spot  fires  having  little 
ecological  significance.  The  opportunity  to  accept  only  evidence 
of  spreading  fires,  represented  by  fire  scar  dates  occurring  on 
two  or  more  sample  trees  in  a  stand,  is  not  available  when  cal- 
culations arc  based  on  an  individual  tree. 

With  these  considerations  in  mind,  several  authors  (for  exam- 
ple, Tande  1979;  Arno  1980;  Dieterich  1980;  Barrett  1980; 
Davis  1980)  have  reported  fire  intervals  tor  small  areas,  each 
representing  a  relatively  homogeneous  site  and  stand.  This  ap- 
proach relics  on  the  combined  fire-scar  records  from  two  or 
more  sample  trees  as  well  as  ages  of  fire-initiated  tree  regenera- 
tion (such  as  distinct  age-classes  of  shade-intolerant  species  re- 
quiring fire  for  establishment)  from  the  same  location.  But, 
how  large  of  an  area  should  be  sampled  to  provide  the  most 
useful  characterization  of  fire  history? 

The  following  re-analysis  of  fire  history  data  from  the  Bitter- 
root  National  Forest  has  been  made  to  help  address  this  ques- 
tion by  illustrating  the  effect  of  size  ot  sample  units  on  length 
of  lire  intervals.  A  concurrent  goal  of  this  analysis  was  to  pro 
vide  more  refined  lire  history  data  tor  use  m  that  area. 


METHODS 

Fire  scars  on  trees  and  fire-initiated  tree  regeneration  (age- 
classes)  were  sampled  on  three  study  areas  (Onehorse,  Tolan, 
and  West  Fork)  on  the  Bitterroot  National  Forest  in  western 
Montana  (fig.  1).  These  data  were  used  as  the  basis  for  a 
previous  report  (Arno  1976),  which  presented  fire  intervals  only 
for  relatively  large  stands,  generally  100  to  800  acres  (40  to  320 
hectares)  in  size. 
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More  recently,  it  was  reasoned  that  this  data  base  (including 
904  individual  fire  scars  from  172  trees  plus  age-class  informa- 
tion) could  be  inspected  to  observe  the  effect  of  sample-area 
size  on  length  of  fire  intervals.  For  the  current  study,  we  in- 
spected the  topographic  maps  showing  sample  tree  locations  for 
all  three  study  areas  and  designated  sample  units  of  five  sizes. 
We  superimposed  these  sizes  of  sample  units  on  the  maps  so  as 
to  efficiently  include  all  concentrations  of  sample  trees  occupy- 
ing similar  topographic  positions  and  habitat  types.  Thus,  to 
the  extent  that  the  distribution  of  sampled  trees  and  topog- 
raphy allowed,  we  designated  sample  units  of  the  following 
sizes  within  a  given  forest  zone: 

Large  stand     =  200  to  800  acres  (80  to  320  ha) 

Small  stand     =  50  to  100  acres  (20  to  40  ha) 

Grove  =  10  to  15  acres  (4  to  6  ha) 

Cluster  =  about  1  acre  (about  Vi  ha) 

Single  tree       =  point  on  the  ground. 

We  included  the  maximum  number  of  sample  trees  in  units 
of  any  given  size,  as  if  we  were  carrying  out  new  field  studies 
and  were  seeking  the  most  complete  fire  history  information 
obtainable  within  each  size  class  of  sample  unit  (fig.  2,  A  and  B). 
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Figure  1.— Location  of  the  three  study  areas. 
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Figure  2.— A.  Location  and  arrangement  of  sample  units  and  sample  trees  within  the 
large  stand  in  the  montane  zone  at  the  Onehorse  study  area.  B.  Topographic  map  of 
same  area  showing  sample  trees. 
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The  following  forest  zones  were  used  for  stratifying  results 
(representative  habitat  types  for  each  zone  are  listed  in  table  1): 

1.  Valley  edge— the  lowest  slopes  (3,800  to  4,800  ft;  1  160 
to  1  460  m  elevation),  predominantly  ponderosa  pine 
(Pinus  ponderosa)  forest. 

2.  Montane  slopes—  lower  to  midelevation  forests  (4,200 
to  6,200  ft;  1  280  to  1  890  m)  of  serai  ponderosa  pine 
and  potential-climax  Douglas-fir  (Pseudotstiga 
menziesii). 

3.  Moist  canyon — a  moist  variant  of  montane  slopes, 
primarily  with  serai  western  larch  (Larix  occidentalis)  and 
potential-climax  grand  fir  (Abies  grandis). 

Table  1.— Fire  intervals  for  the  period  1735  to  1900  on  the  trv 
(1976),  are  based  on  all  fire  years  ide 


4.  Lower  subalpine— midelevation  forests  (6, (XX)  to 
7,500  ft;  l  830  l<>  2  290  m)  primarily  of  serai  lodgepole 
pine  (Pinus  contorta)  and  potential-climax  subalpine  Hi 
(Abies  lasiocarpa). 

5.  Upper  subalpm  500  to 
8,600  ft;  2  290  to  2  6  rily  of  whitebark 
(Pinus  albicaulis)    and  potential-climax  sub 

lasiucarpa). 
Mean  tire  intervals  were  then  calculated  by  forest 
on  the  cumulative  fire  history  records  within  sample  ui 
each  size.  This  mean  fire  interval  is  an  estimate  of  the  a 
number  of  years  between  fires  (other  than  tiny  spot  fires,  not 

n  the  Bitterrool  National  Forest,  Mont   These  intervals,  from  Arno 
at  type  units  (stands). 
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scarring  any  other  sample  trees  in  the  forest  zone)  occurring 
within,  but  not  necessarily  spreading  throughout  a  given  sample 
unit.  These  data  were  actually  the  grand  means,  or  mean  of  the 
mean  fire  intervals,  for  all  units  of  a  given  size.  Single-tree 
estimates  were  based  on  the  tree  in  every  cluster  having  the 
most  complete  fire-scar  records— namely,  the  shortest  mean  in- 
terval between  fire  scars.  The  mean  of  the  mean  (grand  mean) 
fire  intervals  for  all  of  these  single  trees  in  a  forest  zone  was 
calculated.  In  a  few  instances,  age-class  data  from  intolerant 
trees  provided  evidence  of  an  additional  (earlier)  fire  not 
detected  by  fire  scars.  Such  evidence  was  added  to  the  fire 
record  for  all  units  (except  single  tree)  in  which  that  age  class 
was  detected. 

The  following  approach  was  used  to  lengthen  the  period  of 
record  which  serves  as  the  basis  for  estimating  mean,  median, 
and  maximum  fire  intervals.  Arno  (1976)  used  the  period  1735 
to  1 900  because  detailed  records  were  available  for  all  trees  dur- 
ing that  time,  and  in  about  1910  fire  suppression  activities  were 
begun.  This  relatively  short  period  was  used  for  that  report 
largely  to  hold  the  time  period  constant  for  comparison  of  all 
study-area  units.  Inspection  of  the  earliest  fire  scar  records — 
going  back  to  about  the  year  1500  at  Onehorse  and  1600  at 
Tolan  and  West  Fork — however,  showed  no  marked  change  in 
the  frequency  of  fire  other  than  that  attributable  to  diminishing 
numbers  of  fire-recording  trees  (see  Arno  1976,  table  A-4  and 
figure  2).  Thus,  in  order  to  utilize  the  longest  pre-fire  suppres- 
sion record  of  fire  history  for  each  stand,  we  counted  all  fire 
intervals,  starting  with  the  earliest  recorded  fire  in  each  unit 
and  extending  to  the  last  fire  prior  to  1910.  The  rationale  for 
this  sort  of  "floating"  beginning  date  is  that  fire  resistant  trees 
become  highly  susceptible  to  being  scarred  by  fires  only  when 
they  have  been  scarred  for  the  first  time  (Arno  and  Sneck  1977). 

Calculations  of  mean  fire  intervals  were  then  made  as  shown 
in  table  2.  (Median  and  maximum  intervals  were  calculated 
from  the  same  basic  data.)  For  each  sample  unit,  we  listed  all 
pre-1910  fire  years  recorded  on  any  of  the  trees.  The  number 
of  intervals  between  fires  (one  less  than  the  number  of  fires) 
was  then  divided  into  the  total  number  of  years  between  the 
first  and  last  fires.  Part  B  (table  2)  shows  another  approach  we 
used  to  lengthen  the  fire  record.  These  fire  data  are  from  an 
upper  subalpine  unit  at  Tolan,  which  had  five  fires  between 
1679  and  1811  (mean  interval  of  33  years)  and  none  thereafter, 
although  suppression  did  not  begin  until  about  1910.  We  added 
the  interval  from  the  last  fire  until  1910  in  this  and  other  cases 
where  its  inclusion  would  lengthen  the  mean  interval  (adjusted 
mean  interval  46  years).  Although  we  do  not  know  what  the 
length  of  this  final  interval  would  have  been  had  fire  suppres- 


sion not  been  started  in  1910,  we  know  that  the  interval  would 
have  been  at  least  99  years  in  this  example  case  and  that  its  ad- 
dition should  improve  the  estimate  of  the  true  mean. 

Table  2.— A.  Example  of  fire  interval  calculations  for  a  small! 
stand  (at  the  Tolan  Creek  Study  Area;  upper 
subalpine  slopes).  All  sample  trees  are  lodgepole 
pine.  (The  1932  cambium  date  for  tree  17  coincides 
with  a  mountain  pine  beetle  epidemic  that  alsol 
killed  other  fire-scarred  trees  in  this  area.) 
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46  years 

'Snag 

2c  =  cambium  date;  fs  =  fire  scar  date;  p  =  pith  date. 


RESULTS  AND  DISCUSSION 

Mean  fire  intervals  were  inversely  related  to  size  of  the  sam- 
5le  units.  These  relationships  are  shown  for  all  three  study 
ireas  in  figure  3,  A,  B,  and  C,  where  each  line  represents  mean 
ire  intervals  for  different  sizes  of  units  within  the  same  forest 
:one.  The  mean  fire  interval  is  shortest  for  large  stands  within 
iny  forest  zone.  (This  overall  statistic  is  actually  the  grand 
Tiean  or  mean  of  the  mean  tire  intervals  for  all  sample  units  of 
i  given  size  by  forest  zone.)  This  mean  fire  interval  for  large 
itands  is  an  estimate  of  the  average  number  of  years  between 
Ires  (other  than  tiny  spot  fires)  occurring  within,  but  not 
necessarily  spreading  throughout,  a  given  200-  to  800- acre 
80-to  320-hectare)  stand. 


Conversely,  the  mean  fire  interval  for  am  forest  zone  is 
generally  longest  when  based  on  fire  histories  at  points  on  the 
ground  (grand  mean  from  the  individual  trees  vviih  the  most 
complete  records).  I  he  grand  mean  fire  interval  is  somewhat 
shorter  when  based  upon  combined  fire  records  (mean  lire  in 
terval)  from  each  cluster  of  trees.  This  interval  remained  similar 
or  was  further  reduced  when  based  upon  combined  lire  records 
from  each  grove  and  then  from  each  small  stand.  A  more  con- 
sistent reduction  in  the  lire  interval  occurs  when  the  sample 
unit  is  enlarged  to  the  large  stand  category. 

A  notable  except  ion  to  these  general  trends  occurs  in  the  up- 
per subalpine  data  at  Tolan  (fig.  3),  where  the  single  tree  mean 
is  shorter  than  those  of  the  cluster  and  grove  units.  I  his  results 
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Figure  3  —Mean  fire  intervals  in  relation  to  size  of  sample  units 


SIZE  OF  SAMPLE  UNITS 


from  shrinkage  of  the  data  base  when  the  sample  size  is  re- 
duced from  clusters  to  single  trees.  In  this  case,  six  clusters 
were  available,  but  only  four  of  them  had  an  individual  tree 
with  more  than  one  fire  scar  (table  3).  A  minimum  of  two  fire 
scars  is  necessary  for  designating  a  fire  interval  on  an  individual 
tree.  Thus,  there  was  no  means  of  estimating  the  fire  interval 
for  the  two  points  on  the  ground  probably  having  the  longest 
intervals.  This  problem  of  defining  fire  intervals  on  individual 
trees,  based  on  scars  of  at  least  two  fires,  would  tend  to  be  more 
critical  in  areas  having  long  fire  intervals.  Prior  to  1900,  when  wild- 
land  fires  were  seldom  suppressed,  fires  undoubtedly  burned 
incompletely  and  in  a  patchy  pattern  through  many  stands  when 
weather  or  fuels  were  moist.  Such  fires  would  have  scarred 
trees  sporadically,  as  has  occurred  on  some  recent  lightning 
fires  that  have  been  allowed  to  burn  under  surveillance  in  northern 
Idaho— for  example,  the  1979  Smith  Mountain  fire  on  the  Kootenai 
National  Forest  (observed  by  Arno). 

Table  4  presents  median,  mean,  and  maximum  pre-1910  fire 
intervals  for  all  size  classes  of  sample  units  in  each  of  the  three 
study  areas.  Some  of  these  mean  intervals  differ  substantially 
from  those  listed  in  the  earlier  report  (table  1)  because  of  the 
additional  stratification  by  sample-unit  size  and  the  effort  to 
utilize  the  longest  pre-1910  period  of  record  as  the  basis  for 
calculations.  We  feel  that  this  new  approach  represents  a  sig- 
nificant refinement  for  potential  users. 

Table  3  lists  the  numbers  of  sample  units  by  size  class  and 
forest  zone.  Some  of  the  mean  fire  intervals  were  obviously 
based  on  small  amounts  of  data.  Still,  the  relatively  consistent 
trends  in  the  data  seem  significant. 

In  fact,  these  data  probably  reflect  a  conservative  estimate  of 
the  effect  of  sample  unit  size  on  fire  intervals.  This  conserv- 
atism occurs  because  spatial  arrangement  of  our  field  samples 
(gathered  long  before  this  analysis  was  visualized)  did  not  allow 
for  a  complete  representation  of  consecutively  enlarged  sample 
units  in  the  same  locations.  A  more  definitive  examination  of 
this  effect  could  possibly  be  made  using  the  data  from  several 
detailed  fire  history  studies,  such  as  Tande  (1979),  Heinselman 
(1973),  Romme  (1979),  Davis  (1980),  and  Madany  and  West 
(1980).  Or,  a  new,  detailed  field  study  might  be  necessary,  using 
an  approach  that  would  allow  for  analysis  of  progressively 
larger  subsets  of  data  and  documentation  of  the  effect  of  sam- 
ple unit  size  on  fire  intervals.  This  would  be  a  large  undertak- 
ing if  it  were  to  apply  to  several  forest  zones  or  types. 

Figure  4  compares  mean  fire  intervals  among  the  three  study 
areas  for  the  middle-sized  grove  (10  to  15  acres  [4  to  6  hectares] 
sample  unit)  category.  It  is  evident  that  the  three  areas  had 
similar  patterns  of  fire  intervals  in  relation  to  forest  zones.  This 
and  other  data  (table  4)  show  that  fire  intervals  for  a  given 


forest  zone  were  generally  similar  at  Onehorse  and  Tolan,  but 
usually  somewhat  longer  at  West  Fork.'  Overall,  these  findings 
illustrate  the  relatively  frequent  occurrence  of  fires  in  all  forest 
zones,  with  the  limited  exception  of  the  upper  subalpine  forest. 
As  explained  in  Arno  (1976),  much  of  this  pre-1910  fire  oc- 
curred as  surface  fires  that  left  a  considerable  amount  of  sur- 
viving overstory  timber. 

Figure  5  shows  the  distribution  of  fire  intervals  by  interval 
length  in  small  stands  in  the  valley  edge  and  montane  zones  at 
Onehorse.  This  skewed  distribution  is  typical  of  these  two 
forest  zones,  and  it  illustrates  why  the  median  fire  interval  for 
lower  elevation  forests  is  less  than  the  mean  at  all  three  study 
areas  (table  4).  Also,  this  distribution  emphasizes  the 
unusualness  of  the  maximum  intervals  reported  in  table  4. 
Strikingly,  the  number  of  years  since  the  last  fire  in  most  units 
(except  in  the  upper  subalpine  zone)  is  greater  than  the  max- 
imum fire  intervals  detected  prior  to  1910. 

Table  3.— Number  of  sample  units  for  the  five  size  classes  in 
each  of  three  study  areas  on  the  Bitterroot  National 
Forest.  Data  are  presented  by  forest  zone 


Size  class  of  sample  units 


Area  and 
forest  zone 


Single 
tree 


Cluster  Grove 


Small 
stand 


Large 
stand 


ONEHORSE  STUDY  AREA 

Valley  edge  3  2 

Montane  slopes  9  9 

Moist  canyon  2  2 

Lower  subalpine  2 
Upper  subalpine 

TOLAN  STUDY  AREA 

Valley  edge  1  1 

Montane  slopes  4  4 

Lower  subalpine  3  3 

Upper  subalpine  4  6 

WEST  FORK  STUDY  AREA 


2 

13 
3 
3 


Valley  edge 

1 

1 

1 

1 

- 

Montane  slopes 

5 

4 

7 

8 

3 

Lower  subalpine 

3 

3 

4 

- 

2 

Upper  subalpine 

6 

6 

- 

4 

2 

'A  possible  explanation  for  this  is  that  the  Onehorse  area  is  im- 
mediately adjacent  to  the  main  Bitterroot  Valley  grassland  where  Indian- 
caused  fire  seem  to  have  been  frequent  (Barrett  1981).  Tolan  and  West 
Fork  are  more  remote,  but  Tolan  is  a  drier  area  where  fuels  may  be  recep- 
tive to  burning  during  a  longer  season. 


Table  4.— Median,  mean,  and  maximum  pre-1910  fire  intervals 
study  areas  on  the  Bitterroot  National  Forest.  Find 
in  italics;  mean  is  in  bold  type;  maximum  is  in  part 


sample  units  in  each  of  three 
orest  zone  Median  interval  is 


Area  and 
Forest  zone 


Single  tree 

(point  on 

the  ground) 


Size  class  of  sample  units 


Cluster 
(about  1  acre) 


Grove 
(10-15  acres) 


Small  stand 
(50-100  acres) 


Large  stand 
(200-800  acres) 


ONE  HORSE  STUDY  AREA 


Valley  edge 

23 

20 

18 

(34) 

a 

9 

(20) 

4 

6 

(20) 

Montane  slopes 

24 

20 

23 

(57) 

16 

20 

(52) 

10 

13 

(36) 

6 

7 

(36) 

Moist  canyon 

54 

50 

51 

(71) 

30 

28 

(51) 

15 

18 

(33) 

Lower  subalpine 

51 

34 

32 

(38) 

24 

22 

(26) 

18 

17 

(33) 

Upper  subalpine 

66 

57 

(92) 

TOLAN  STUDY  AREA 


Valley  edge 

11 

11 

12 

(30) 

;/ 

12 

(30) 

Montane  slopes 

23 

20 

20 

(41) 

19 

20 

(50) 

70 

13 

(38) 

Lower  subalpine 

44 

44 

42 

(50) 

36 

36 

(54) 

33 

34 

(56) 

30 

33 

(63) 

Upper  subalpine 

54 

69 

72 

(102) 
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(103) 

40 

40 
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Figure  4— Mean  fire  intervals  in  groves  (10  to 
15  acre  sample  units)  for  different  forest  zones 
in  the  three  study  areas. 
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Figure  5 —Percentage  distribution  of  fire  intervals  by  interval 
length  for  small  stands  on  Slopes 

at  Onehorse  Study  Area.  The  Valley  Edge  zone  had 
in  one  small  stand  between  1668  and  1889.  Montane  SI 
133  fire  intervals  in  5  small  stands  between  1496  and  1904 


CONCLUSIONS 

Recommendations  for  Fire  History  Research 

It  is  apparent  from  this  analysis  that  there  are  substantial 
variations  in  length  of  fire  intervals  related  to  sample  unit  size. 
The  most  reasonable  approach  when  making  comparisons  is  to 
use  units  of  similar  size  and  preferably  those  representing  one 
of  the  intermediate  categories — cluster,  grove,  or  small  stand. 
Units  of  these  sizes  allow  adequate  sampling  intensity  for  detec- 
tion of  nearly  all  light  surface  fires,  but  are  generally  small 
enough  to  serve  as  a  basis  for  site-specific  fire  history  informa- 
tion. We  suggest  that  in  future  studies  the  size  of  units  be  clear- 
ly specified  and  interpreted  in  comparisons  to  other  studies. 
Smaller  unit  size  (cluster,  for  example)  may  be  desirable  in 
types  where  trees  (such  as  ponderosa  pine  or  whitebark  pine) 
are  long-lived  and  readily  fire  scarred,  whereas  larger  units 
(grove  or  small  stand,  for  example)  may  be  necessary  for  piec- 
ing together  a  more  complete  fire  history  in  forest  types  where 
the  oldest  surviving  trees  are  more  scattered  (for  example, 
lodgepole  pine)  or  more  resistant  to  scarring  (for  example, 
western  larch  or  Douglas-fir). 

Fire  History  Implications  on  the  Bitterroot 
National  Forest 

Study  results  show  that  the  current  long-term  absence  of  fire 
contrasts  strongly  with  pre- 1900  fire  intervals,  especially  in 
lower  and  middle-elevation  forests.  Lack  of  fire  has  allowed  an 
undesirable  buildup  of  dead  and  living  (ladder)  fuels  in  many 
stands,  particularly  in  the  ponderosa  pine  and  Douglas-fir 
forests.  It  has  also  fostered  chronic  overstocking  of  unmer- 
chantable trees,  reducing  tree  vigor.  Extensive  buildups  of 
dwarf  mistletoe  (Arceuthobium  douglasif)  in  Douglas-fir  and 
western  budworm  (Choristoneura  occiden talis)  in  Douglas-fir, 
spruce,  and  true  firs  seem  to  be  related  to  these  changes  in 
stand  conditions  (Fellin  1979).  Certainly  the  pre-1900  fire 
regimen  stimulated  production  of  herbaceous  or  shrubby 
plants,  useful  as  forage  for  wildlife  and  livestock.  These  are 
some  reasons  suggesting  that  reintroduction  of  fire  under  the 
right  conditions  could  enhance  values  of  various  forest 
resources. 
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The  authors  examine  variation  in  the  length  of  mean  intervals  between  fires 
(occurring  between  the  years  1600  and  1910)  in  sample  units  of  various  sizes, 
ranging  from  a  point  on  the  ground  (single  tree)  to  a  large  stand  (200  to  800 
acres;  80  to  320  hectares).  Recommendations  are  made  regarding  appropriate 
sizes  of  sample  units  for  fire  history  studies. 
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The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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RESEARCH  SUMMARY 

Information  on  the  distribution  and  severity  of 
wilderness  campsite  impacts  is  necessary  for  planning 
purposes.  Monitoring  of  campsite  conditions  will  also 
allow  managers  to  evaluate  change  in  campsite  condition 
and  how  such  changes  relate  to  management  actions. 
Existing  campsite  monitoring  systems  are  based  on  visual 
estimates  of  impact,  measurements  of  impact,  or  photo- 
graphs. The  most  useful  systems  (1)  evaluate  a  number 
of  meaningful  parameters,  (2)  record  each  of  these  param- 
eters separately,  and  (3)  use  as  precise  techniques  as 
management  can  afford  and  still  be  able  to  inventory  all 
sites.  Estimation  techniques  will  probably  have  to  be  used 
in  most  wilderness  areas  where  funds  are  short  and  camp- 
sites are  numerous.  Suggestions  for  how  to  develop  such 
a  system  are  provided.  Keys  to  success  include  adequate 
training  so  techniques  are  used  in  a  consistent  manner, 
quantitative  category  definitions,  and  documenting  site 
locations  so  they  can  be  reassessed  in  the  future. 
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INTRODUCTION 

Recreational  use  of  wilderness  and  backcountry  areas  inevit- 
ably leaves  an  imprint  on  natural  environments  intended  for 
preservation.  Wilderness  use  affects  trails,  meadows,  and  lake- 
shores,  but  impacts  are  usually  most  pronounced  on  campsites. 
Where  wilderness  managers  have  judged  that  impacts  exceeded 
acceptable  levels,  they  have  often  taken  such  actions  as  closing 
severely  deteriorated  sites,  diverting  campers  to  less-used  areas, 
or  confining  use  to  designated  sites.  Too  often  these  actions  are 
taken  without  the  benefit  of  comprehensive  campsite  condition 
data.  Consequently,  it  has  been  impossible  to  evaluate  the  ef- 
fects of  these  actions  on  either  impacted  sites  or  adjacent  areas 
which  are  currently  undamaged. 

In  recent  years,  managers  have  been  under  pressure  to  im- 
prove the  sophistication  and  accountability  of  wilderness 
management.  Regulations  in  the  National  forest  Management 
Act  of  1978  specifically  require  Forest  Service  wilderness 
managers  to  limit  and  distribute  visitor  use  in  such  a  way  that 
natural  conditions  are  largely  unimpaired  and  to  monitor  the 
response  of  the  wilderness  resource  to  these  actions.  Much  of 
this  effort  must  be  focused  on  campsites,  tiie  places  that  are 
most  severely  altered  by  recreational  use  and  among  which 
visitor  use  may  have  to  be  limited  and  distributed. 

Unfortunately,  funding  for  the  collection  of  data  needed  for 
wilderness  management  is  sorely  lacking  compared  to  funding 
available  for  collecting  data  used  in  the  management  of  other 
resources,  such  as  timber.  Access  to  most  wilderness  acreage  is 
poor;  motor  vehicles  are  not  allowed  and  mans  remote  areas 
are  not  even  penetrated  by  trails.  Moreover,  many  areas  have 
thousands  of  sites  that  must  be  inventoried. 

This  paper  discusses  desirable  characteristics  of  a  backcountry 
campsite  inventory  and  monitoring  system,  evaluates  existing 
methods,  and  provides  suggestions  for  developing  a  system  that 
builds  on  the  strong  points  of  existing  techniques. 


DtvSIRABLK  CHARACTKRISTICS 

A  cam;  ide  accurate  and 

meaningful  information  aboui  hat  have  already  oc- 

curred on  campsites.  I  his  tells  the  manager  how  widespread 
and  severe  recreational  impacts  have  been  ami.  therefore,  how 
much  of  a  problem  exisiv  it  should  also  provide  a  baseline  foi 
subsequent  monitoring  of  conditions  so  that  trends  can  be 
evaluated. 

A  good  system  will  have  four  characteristics:  ( l )  meaningful 
measures  o\'  impact  are  utilized;  (2)  measurement  techniques  arc 
reliable  and  sensitive;  (.1)  io  high  10  prohibit  an 

inventory  oi  all  sites;  and  (4)  measurement  units  can  be  pre- 
cisely relocated. 

The  value  ol  nation  collected  will  depend  on  how 

carefully  v.  iables  provide  a 

measure  of  current  campsite  conditi  >i  how 

much  change  has  occurred.  For  exai 
of  a  campsite  is  not  a  measure  of  impact,  li  is  so  highly 
variable  under  natural  conditions  that  it  must  be  compared  io 
an  estimate  of  the  original  cover  on  the  sil  it  provides  a 

meaningful  measure  of  ch 

Variables  selected  for  use  also  need  to  be  applicable  to  sites 
that  have  received  radically  different  types  or  amounts 
and  siies  in  different  environmental  settings.  Sum 
even  in  very  different  situations,  should  reflect  simil; 
of  change.  This  can  be  achieved  mo 
information  on  a  numb  erent  parai 

Although  li  e  these 

parameters  in  a  singli  n,  importa 

formation  will  be  lost  il  the 

well.  iividual  | 

such  as  si/.  impsile,  is 

1110:111 

flexibil  irtance 

ofanv  ndition. 


The  second  characteristic  is  reliability;  assessment  techniques 
must  be  sufficiently  precise  to  allow  independent  observers  to 
reach  similar  conclusions  about  site  condition.  This  depends  on 
precise  explanation  of  techniques  and  consistent  training  of 
evaluators.  Assessment  techniques  must  also  be  sensitive 
enough  to  detect  managerially  relevant  differences  between  sites 
and  changes  over  time. 

Managers  must  always  make  a  tradeoff  between  reliability/sen- 
sitivity and  cost.  More  precise  techniques  take  more  time  and 
this  may  become  prohibitive  if  sites  are  numerous.  Assuming 
the  primary  objective  is  to  characterize  the  distribution  of  im- 
pacted sites  and  be  able  to  detect  major  changes,  managers 
would  do  best  to  use  as  precise  techniques  as  they  can  afford 
and  still  be  able  to  inventory  all  sites.  It  might  also  be 
desirable,  however,  to  take  more  precise  measurements  on  a 
subsample  of  campsites.  This  practice  would  allow  managers  to 
detect  more  subtle  changes  and  to  more  accurately  relate  such 
changes  to  use  levels,  environmental  conditions,  or  other 
variables  that  might  affect  amount  of  impact.  For  example, 
such  measurements  have  been  taken  in  Sequoia  and  Kings 
Canyon  National  Parks  and  in  Great  Smoky  Mountains  Na- 
tional Park  (Bratton  and  others  1978). 

Finally,  in  order  to  monitor  changes  over  time,  it  is  impor- 
tant to  document  the  exact  location  of  the  areal  unit  on  which 
the  original  measurements  were  taken.  This  might  be  the  entire 
campsite,  square  plots,  line  transects,  or  any  other  sampling 
unit. 

EVALUATION  OF  EXISTING  SYSTEMS 

Perhaps  the  most  widely  used  campsite  inventory  system  is 
the  Code-A-Site  system  originally  proposed  by  Hendee  and 
others  (1976).  Important  information  about  each  site  is  re- 
corded on  edgepunch  cards,  which  facilitate  data  retrieval  and 
manipulation.  It  is  the  method  of  collecting  and  storing  infor- 
mation rather  than  the  type  of  information  collected  that  is 
unique  to  this  system.  In  fact,  much  of  the  information  on  the 
Code-A-Site  form  is  irrelevant  in  backcountry.  Several  man- 
agers have  modified  the  cards,  however,  to  more  adequately 
achieve  their  data  needs.  In  Olympic  National  Park,  the  edge- 
punch  cards  have  been  completely  reprinted  with  different  types 
of  information  (Schreiner  and  Moorhead  1979).  Managers  of 
the  Selway-Bitterroot  Wilderness  merely  developed  an  overlay, 
with  more  relevant  information  to  use  with  the  original  cards 
developed  by  Hendee's  group.  Campsite  condition  data— my 
specific  concern  in  this  paper — can  be  stored  on  Code-A-Site 
forms  or  in  any  other  convenient  manner. 

Most  existing  campsite  monitoring  systems  fall  into  one  of 
three  basic  types.  In  one  type,  campsites  are  given  a  single  con- 
dition rating  which  is  usually  based  on  visual  estimates  of  im- 
pact. In  other  systems,  a  number  of  measurements  are  taken, 
each  of  which  can  be  repeated  and  used  as  a  separate  measure 
of  change.  Photographic  techniques  are  the  basis  of  other 
systems. 

Estimates  of  General  Condition 

The  original  Code-A-Site  form  (Hendee  and  others  1976) 
only  asks  for  a  judgment  of  whether  the  impact  of  previous  use 
has  been  extreme,  heavy,  moderate,  or  light.  These  terms  are 
not  defined.  Consequently,  it  is  impossible  to  compare  the  con- 
dition of  sites  rated  by  different  people  or  to  accurately  assess 
changes  on  the  site  at  a  later  date;  the  system  lacks  the 
characteristic  of  reliability  or  precision. 


This  problem  can  be  alleviated  by  defining  different  levels  of 
impact.  Frissell  (1978)  developed  a  method  of  rating  campsite 
condition  that  recognizes  the  following  condition  classes: 
(1)  "Ground  vegetation  flattened  but  not  permanently  injured. 
Minimal  physical  change  except  for  possibly  a  simple  rock 
fireplace";  (2)  "Ground  vegetation  worn  away  around  fireplace 
or  center  of  activity";  (3)  "Ground  vegetation  lost  on  most  of 
the  site,  but  humus  and  litter  still  present  in  all  but  a  few 
areas";  (4)  "Bare  mineral  soil  widespread.  Tree  roots  exposed 
on  the  surface";  and  (5)  "Soil  erosion  obvious.  Trees  reduced 
in  vigor  or  dead"  (fig.  la  and  b).  One  of  the  Code-A-Site  mod- 
ifications made  by  managers  of  the  Selway-Bitterroot  Wilder- 
ness was  to  define  extreme,  heavy,  moderate,  and  light  levels  of 
impact  on  the  basis  of  these  same  easily  recognized  indicators 
of  change. 


Figure  1.— Examples  of  campsites  with  condition 
class  ratings  of  (A)  2  and  (B)  4  (Frissell  1978). 

Either  of  these  "condition  class"  systems  provides  the 
manager  with  a  rapid,  inexpensive  technique  for  rating  camp- 
sites and  the  data  generated  is  relatively  precise.  Although  the 
use  of  quick  visual  estimates  of  parameters,  such  as  bare 
ground,  is  less  precise  than  more  time-consuming  measurement 
techniques,  the  ratings  of  trained  independent  observers  can  be 
sufficiently  consistent  and  sensitive  to  make  reliable  com- 
parisons of  campsite  condition  possible. 

The  few  parameters  chosen  by  Frissell  provide  a  useful  sum- 
mary measure  of  campsite  condition  for  the  landscapes  in 
which  the  system  was  developed— coniferous  forests  in  cool 
climates,  where  litter  accumulation  is  great,  growing  seasons  are 
short,  and  ground  vegetation  is  highly  sensitive  to  disturbance. 


In  many  other  environments,  howe\ 

or  grasslands,  the  system  does  not  work  well. 

no  trees,  ratings  must  be  based  on  or  meters. 

Moreover,  the  significance  of  the  chat  '<  with  a 

condition  such  as  "ground  vegetation  lost  on  i 

is  not  equivalent  in  such  diverse  \egetation  tyi 

undergrowth  of  coniferous  forests  and  al| 

where  recovery  of  damaged  vegetation  in 

(Willard  and  Man  1971). 

This  problem  wassubstai 
developed  for  use  in  Sequoi  i  National  Parks 

(Parsons  and  Mad  cod  1980).  This  system  is ., 
rapid  estimates  of  easily  recognized  indicator 
eight  separate  parameters  are  used:  vegetation 
tion  composition,  campsite  area,  area  of  the  bat  camp- 

site development,  presence  of  organic  lit  imber 

of  access  (social)  trails,  and  number  c  i  I  he 

mean  value  for  all  the  ratings  that  apply  to  tin  nber  o\ 

tree  mutilations,  for  example,  is  not  applied  to  i 
sites— becomes  the  campsite  ral  i  if  a  couple  of  param- 

eters cannot  be  applied  to  the  site,  the  rating  should  still  be  valid 
because  it  is  based  on  a  large  number  of  other ; 

The  major  problem  with  this  system  is  tha 
become  experienced,  only  the  site's  overall  conditii 
recorded;  individual  parameters  are  only  noted  on 
of  sites.  Consequently,  disaggregation  of  the  da  issible. 

It  will  not  be  possible  to  evaluate  future  changes  in  indi' 
parameters,  such  as  campsite  area  or  degree  of  de\ 
Perhaps  more  importantly,  wilderness  manage  ed  into 

the  current  system  of  weighting  each  of  the  eight  paran 
equally.  If  each  parameter  had  been  recorded 
managers  at  a  later  date  could  delete  parameters  tl, 
sidered  unimportant  or  change  the  weighting 
reevaluating  each  site. 

The  reason  data  were  aggregated  in  Seq  C  an- 

yon  National  Parks  was  that  there  were  too  many  ci 
take  the  time  or  storage  space  to  fill  out  a  separal 
each  site.  Over  7, 400 campsites  have  been  inventoried  in  the 
two  Parks  (Parsons  and  MacLeod  1980).  This  large  number  of 
campsites  is  uncommon.  In  the  more  common  situation  of 
fewer  campsites,  it  would  be  worth  the  addition 
record  each  parameter  separately,  with  a  separate  form  I 
site. 

Measurements 

Several  areas  use  measurements  rather  than  visual  estimates. 
Such  systems  are  more  costly — it  takes  more  time  to  rate  each 
site— but  precision  is  higher  (fig.  2).  The  information  contained 
in  such  ratings,  however,  is  not  necessarily  more  meaningful. 
Olympic  National  Park,  for  example,  rati 
bare  ground  radius,  the  mean  distance  to  "the  fust  live  plant" 
along  eight  transects  radiating  from  the  campsite  t 
(Schreiner  and  Moorhead  1979).  In  the  Eagle  Cap  Wilderness, 
bare  ground  radius  proved  to  be  a  less  useful  predic 
campsite  condition  than  Frissell's  less  precise,  but  i 
ingful  condition  class  (Cole  1982). 


Hj>ure  2.— Worker  uses  a  mt'lcr-s<juarc  quadrat  to 
measure  vegetation  cover  on  a  wilderness  campsite. 

This  problem  can  be  alleviated  by  measuring  more  param- 
eters. In  the  Olympic  National  Park  system,  the  number  of 
social  trails  entering  each  site  and  the  number  of  areas  trampled 
by  horses  are  also  noted.  1  he  managers  of  Great  Smoky  Moun- 
tains National  Park  measure  the  area,  on  and  around  each  site, 
of  the  following  "disturbances":  bare  rock,  mud,  slop 
sion,  bare  soil,  leaf  litter,  trampled  vegetation,  firewood  clear 
ing,  tree  damage,  and  trash  dispersal  (Bratton  and  other 
In  the  Selway-Bitterroot  Wilderness,  tree  mutilations  are 
recorded,  as  is  the  amount  of  bare  mineral  soil,  litter-covered 
soil,  and  vegetation  along  each  of  eight  permanent  line 
transects. 

Provided  that  meaningful  parameters  are  measured  and  ap- 
propriate sampling  methods  are  used,  measurements  are  prelei 
able  to  estimates.  Til  server  bias 

and  increase  sensitivity  to  the  point  where  even  minor  d 
ences  and  changes  in  condition  can  be  detected.  I  he  cost  ol 
such  a  system  is  high,  however,  and  where  there  are  a  large 
number  of  campsites,  the  increased  precision  may  not  be  worth 
the  expense.  Where  the  number  of  campsites  is  low 
Smoky  Mountains  National  Park,  for  example,  had  only 
113  legal  sites  and  another  289  illegal  sites    -measurement; 
be  a  worthwhile  investment. 

It  is  important  that  meaningful  and  comparable  evaluations 
of  campsite  condition  be  taken  on  il  I  his 

makes  it  possible  to  delect  the  development  of  new  campsites 
and  to  evaluate  changes  in  the  condition  of  more  lightly  im- 
pacted sites.  The  ability  to  evaluate  change  on  these'  more  lightlv 
impacted  sites  is  of  crucial  importance  because  both  the  uncer- 
tainty of  what  is  happening  to  these  sites  and  the  potential  I'oi 
change  are  so  much  greater  here  than  on  more  heavily  im 
pacted  sites.  If  funding  is  insufficient  to  take  measuremei 
all  sites,  it  would  be  bettei  all  sues 

than  to  only  take  measurements  on  some  of  the  sites. 


Photographs 

A  number  of  areas  have  made  replicable  photopoints  the 
basis  of  their  monitoring  system.  In  a  system  used  in  the 
Selway-Bitterroot  Wilderness,  360°-panorama  photo  mosaics 
(fig.  3)  are  taken  from  permanent  points  located  near  the  center 
of  each  site  (Walker  1968).  Photographs  have  generally  not 
proven  to  be  reliable  substitutes  for  field  measurements  or 
estimates  of  parameters,  such  as  ground  cover  vegetation  or  ex- 


posed mineral  soil.  Patches  of  sunlight  and  shade  often  make 
interpretation  of  the  ground  cover  difficult,  and  it  is  seldom 
possible  to  distinguish  features  beyond  the  closest  trees.  As  sup- 
plementary documentation  they  can  be  quite  useful,  however. 
They  can  help  identify  the  site  for  future  reassessments,  record 
campsite  features  not  measured  in  the  field,  and  provide  a 
visual  supplement  to  the  data  collected  in  the  field. 


Figure  3.— Panorama  photo  mosaics  have  been  used  in  the  Selway-Bitterroot  Wilderness. 


RECOMMENDATIONS 

From  the  preceding  discussion,  the  most  useful  campsite  in- 
ventory and  monitoring  system  appears  to  be  one  that  (1)  eval- 
uates a  number  of  meaningful  parameters,  (2)  records  each  of 
these  parameters  separately,  and  (3)  uses  as  precise  techniques 
as  management  can  afford  and  still  be  able  to  inventory  all 
sites. 

Choosing  the  Precision  Level 

This  choice  must  be  made  primarily  on  the  basis  of  available 
funding  and  the  number  of  campsites.  The  frequency  of  periodic 
reassessments  of  the  sites  should  also  be  considered. 

Where  the  number  of  campsites  is  low  and/or  funding  is 
high,  precise  measurement  techniques  utilizing  such  sampling 
units  as  permanent  quadrats,  belt  transects,  or  line  transects 
can  be  afforded  and  are  preferred.  Measurements  taken  on  a 
subsample  of  sites  might  also  provide  a  useful  supplement  to  an 
estimation  system  in  areas  which  cannot  afford  to  take  meas- 
urements on  all  sites. 

In  most  areas  a  measurement  system,  which  usually  involves 
spending  an  hour  or  more  on  each  site,  is  too  time-consuming 
and  costly.  In  this  case,  visual  estimates  can  be  used  in  place  of 
measurements.  Precision  and  sensitivity  are  reduced  but  the  re- 
sulting ratings  should  be  adequate  to  meet  most  management 
needs,  if  each  parameter  is  independently  recorded.  Using  such 
a  system,  the  amount  of  time  spent  on  each  site  could  be  less 
than  10  minutes. 

Finally,  if  there  are  so  many  campsites  in  an  area  that  even 
10  minutes  per  site  is  too  much,  campsites  can  be  given  a  single 
aggregate  rating.  As  mentioned  above,  this  severely  limits  flexi- 
bility in  the  future  use  of  the  data.  In  the  system  in  use  at 
Sequoia  and  Kings  Canyon  National  Parks,  a  couple  of 
minutes  per  site  is  all  that  is  necessary. 


Choosing  Parameters 

Managers  should  choose  parameters  that  reflect  unique  types 
of  impact  occurring  in  the  area  they  administer.  Types  of  im- 
pact that  are  most  likely  to  conflict  with  management  objec- 
tives should  be  given  high  priority.  In  general,  the  types  of  im- 
pact that  occur  on  campsites  do  not  differ  greatly  from  place  to 
place.  Many  of  the  same  parameters  are  used  by  Parsons  and 
MacLeod  (1980)  in  California,  by  Frissell  (1978)  in  Minnesota 
and  Montana,  and  by  Schreiner  and  Moorhead  (1979)  in  Wash- 
ington. Most  other  areas  will  probably  also  find  these  same  pa- 
rameters to  be  a  useful  list  of  possibilities. 

Based  on  work  in  a  number  of  wilderness  areas,  but  particu- 
larly in  the  Eagle  Cap  Wilderness  in  Oregon,  I  have  developed 
a  campsite  monitoring  system  that  incorporates  many  of  these 
same  parameters.  The  system  uses  visual  estimates  on  the  as- 
sumption that  this  type  will  be  most  useful  in  most  areas.  The 
following  discussion  describes  suggested  estimation  techniques 
for  each  parameter.  While  these  estimation  techniques  should 
be  widely  applicable,  class  definitions,  which  are  also  included, 
should  vary  greatly  from  place  to  place. 

For  example,  I  recently  used  this  system  in  the  Bob  Marshall 
Wilderness  in  Montana,  an  area  that  receives  heavy  horse  and 
outfitter  use  and  which,  in  many  locations,  has  few  potential 
campsites.  As  a  result  of  this  type  of  use,  most  sites,  when 
compared  to  those  in  the  Eagle  Cap  Wilderness,  are  large,  lit- 
tered with  horse  manure,  and  have  experienced  severe  tree 
damage  and  root  exposure.  Consequently,  almost  all  sites 
received  the  worst  ratings  for  camp  area,  cleanliness,  damage  to 
trees,  and  exposure  of  tree  roots.  Despite  identical  ratings, 
some  of  these  sites  were  much  worse  than  others.  In  order  to 
provide  ratings  that  identify  the  most  severely  impacted  sites,  I 
developed  class  definitions  that  were  less  stringent  than  those 
used  in  the  Eagle  Cap  Wilderness.  In  like  manner,  managers  of 
most  areas  should  adapt  the  class  definitions  suggested  in  this 
paper  to  their  unique  situation. 


CONDITION  OF  GROUND  COVER  VEGETATION 

1  oss  of  ground  cover  is  one  of  the  most  pronounced  cli; 
that  occurs  on  campsites.  It  is  a  prominent,  early  indicai 
campsite  condition  in  most  systems  that  have  been  devised. 
Estimates  of  percent  cover  are  not  useful  in  themselves  because 

there  is  so  much  variability  in  the  cover  of  undistu 

Some  system  of  relating  campsite  vegetation  to  thai  ol  i! 
roundings  is  needed. 

My  recommendation  is  to  estimate  the  percent  cover  of 
campsite  vegetation  in  one  of  the  following  coverage  classes:  0 
to  5  percent,  6  to  25  percent,  26  to  50  percent,  51  to  75  per- 
cent, and  76  to  100  percent.  With  time  and  training  this  can  be 
done  consistently.  It  may  be  helpful  to  walk  around  the  site 
and  mentally  average  cover  in  different  parts  of  the  site.  In 
cases  where  it  is  extremely  difficult  to  choose  between  classes. 
make  your  best  guess  and  (hen  note  the  classes  it  was  difficult 
to  choose  between.  Make  a  similar  estimate  of  the  percent 
cover  of  the  vegetation  surrounding  the  site,  keeping  in  mind 
that  you  are  attempting  to  estimate  what  the  cover  of  the  site 
was  before  it  was  used  as  a  campsite.  This  involves  looking 
closely  at  places  that  are  similar  to  the  campsite  in  terms  of 
rockiness,  slope,  canopy  cover,  and  species  composition,  and 
looking  at  the  vegetation  in  places  protected  from  trampling. 
While  this  estimate  is  seldom  simple  to  make,  it  can  be  done 
with  practice. 

Comparison  of  these  two  coverage  class  estimates  can  be  used 
to  give  each  site  a  rating  from  1  (least  impact )  to  3  (most  im- 
pact). A  campsite  with  a  vegetation  cover  that  is  two  or  more 
coverage  classes  less  dense  than  that  found  offsite  is  assigned  a 
rating  of  3.  For  example,  if  the  vegetation  cover  is  51  to  75 
percent  offsite  and  6  to  25  percent  onsite  (two  coverage  classes 
less  dense),  the  campsite  will  receive  a  rating  oi  3.  Vegetation 
loss  equivalent  to  one  class  is  assigned  a  2,  and  no  loss  is 
assigned  a  1  (fig.  4). 
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A  measure  of  change  in  species  composition  would  also  be 
useful.  This  requires  considerable  judgment  and  training,  how- 
ever, and  is  particularly  difficult  to  assess  on  campsites  where 
essentially  all  vegetation  has  been  lost.  The  Sequoia  and  Kings 
Canyon  National  Parks  system  utilizes  this  parameter,  consid- 
ering it  to  be  inapplicable  if  the  site  has  been  totally  devege- 
tated.  This  can  lead  to  worse  ratings  for  a  site  with  some  highly 
dissimilar  vegetation  left  than  would  be  given  to  a  completely 
denuded  site.  It  might  be  better  to  merely  note  whether  or  not 
the  vegetation  left  consists  primarily  of  weedy  invaders. 

EXPOSURE  OF  BARE  MINERAL  SOIL 

Recent  studies  have  shown  that  the  amount  of  mineral  soil 
exposed  on  a  site  increases  dramatically  on  more  heavily  used 
sites  (Fichtler  1980;  Cole  1982).  Therefore,  soil  exposure  is  a 
particularly  good  indicator  of  campsite  condition.  As  with  the 
preceding  parameter,  it  is  possible  to  estimate  coverage  in  the 
five  coverage  classes,  both  on  the  campsite  and  in  a  neighbor- 
ing area.  The  vegetation  and  bare  soil  estimates  can  be  made 
simultaneously.  The  same  rating  system  can  be  used  as  well. 

Bare  mineral  soil  is  more  difficult  to  estimate  than  vegetation 
because  there  is  usually  a  continuous  gradation  from  twigs, 
leaves,  and  needles,  through  partially  decomposed  and  decom- 
posed litter  to  mineral  soil.  Moreover,  on  many  campsites 
heavy  trampling  has  arranged  these  materials  in  a  highly  in- 
tricate mosaic  of  litter  and  exposed  soil.  Where  litter  layers  are 
thin  and  have  obviously  been  displaced  by  recreational  use,  my 
estimates  of  bare  soil  have  been  high.  Elsewhere  I  have  been 
more  conservative.  Training  and  calibration  of  observers  is  par- 
ticularly important  with  this  parameter. 

DAMAGE  TO  TREES 

Trees  on  and  adjacent  to  campsites  frequently  have  had  their 
lower  branches  broken,  their  boles  hacked,  and  nails  driven  into 


them.  In  many  cases,  smaller  trees  have  been  cut  down  for 
firewood  or  tent  poles.  Standing  snags  have  also  been  hacked 
and  cut. 

On  sites  which  have  trees  either  onsite  or  at  their  periphery, 
it  is  possible  to  rate  this  damage.  The  main  problem  is  defining 
classes.  Three  classes  can  be  defined  as  follows:  (1)  no  more 
damage  than  some  broken  lower  branches;  (2)  between  one  and 
seven  tree  mutilations  (ax  marks,  scars,  carvings,  nails,  cut 
stumps,  and  so  on),  no  more  than  one  of  which  is  obtrusive; 
and  (3)  more  than  seven  tree  mutilations  or  more  than  one  ob- 
trusive mutilation.  More  than  one  mutilation  can  occur  on  a 
tree.  Less  stringent  class  definitions  were  necessary  in  the  Bob 
Marshall  Wilderness,  where  tree  damage  was  severe.  For  com- 
parative purposes  at  a  later  date,  it  is  important  to  include  brief 
notes  on  the  size  and  location  of  the  area  to  be  reexamined  and 
on  the  amount  of  different  types  of  damage. 

EXPOSURE  OF  TREE  ROOTS 

The  number  of  trees  with  exposed  roots  has  been  found  to 
increase  along  with  amount  of  use  as  a  result  of  soil  compac- 
tion and  erosion  (Cole  1982).  Root  exposure  is  particularly  pro- 
nounced on  sites  used  by  horse  parties  due  to  the  practice  of 
tying  horses  to  trees. 

This  parameter,  again,  is  only  applicable  to  sites  with  trees 
onsite  or  at  their  periphery,  and  defining  classes  is  difficult.  I 
defined  three  classes  as  follows:  (1)  no  trees  with  root  exposure; 

(2)  root  exposure  occurs,  but  on  no  more  than  three  trees;  and 

(3)  root  exposure  on  more  than  three  trees  (fig.  5).  It  is  impor- 
tant to  distinguish  between  natural  root  exposure  in  shallow 
soils  and  exposure  of  roots  resulting  from  trampling.  Training 
will  lead  to  consistent  judgments,  and  supplemental  notes  will 
facilitate  future  assessments  of  change. 


Figure  5.— This  campsite  would  receive  a  rating  of  3  for  tree  root  exposure  and  also  for  tree  damage. 
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Figure  6.— This  campsite  would  receive  a  rating  of  3 
for  development. 
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and  cleanliness  were  the  most  critical  variables  affecting  the 
visitor's  enjoyment  of  the  sue.  Included  here  is  the 
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Photographs 

A  few  photographs  of  the  entire  sue  and  selected  features 
vill  provide  a  useful  supplement  to  field  measurements.  To  be 
nost  useful,  at  least  one  photograph  should  include  sonic  fea- 
ure  of  the  campsite  or  its  vicinity  which  can  aid  in  relocating 
he  site.  When  photographing  forested  sites,  make  use  ol  cloud 
:over  whenever  possible,  as  patches  of  shade  and  sunlight  make 
nterpretation  of  the  ground  cover  difficult.  Moderately  fast 
high  ASA)  color  print  film  is  useful  for  most  purposes.  Color 
ilm  is  more  sensitive  to  differences  in  ground  cover  than  black 
md  white,  and  prints,  although  bulkier  than  slides,  arc  easier 
:o  refer  to  both  in  the  field  and  in  the  office.  Color  film  may 
end  to  fade  with  age,  however,  suggesting  that  use  < 
black  and  white  film  may  be  desirable  for  long-term  comparisons. 

The  time  of  year  and  time  of  day  should  be  noted  on  all 
photographs.  If  photographs  taken  in  subsequent  years  are  to 
be  compared  with  any  precision,  it  will  also  be  necessary  to 
record  the  precise  location  of  the  photopoint,  distance  and 
direction  to  subject,  height  of  the  camera  above  the  ground, 
camera  make  and  model,  focal  length  of  the  lens,  filter  type, 
and  film  type.  These  conditions  should  be  replicated  to  as  great 
an  extent  as  possible  when  subsequent  photographs  are  taken. 
Reference  as  to  whether  the  year  has  been  unusually  wet  or 
dry,  or  whether  snowmel;  was  late  or  early  may  also  be  important . 

Future  Reassessments 

Periodically — perhaps  every  5  years— all  of  these  sites  should 
be  reexamined.  Difficulties  in  relocating  sites  can  be  reduced  if 
each  site  is  located  on  a  map  or  with  a  pinprick  on  an  aerial 
photograph,  and  if  a  reference  photo  of  each  site  is  taken  into 
the  field.  It  is  also  important  to  document  on  maps  or  aerial 
photographs  all  areas  that  were  and  were  not  thoroughly 
searched  for  campsites.  When  additional  sites  arc  found,  this 
will  indicate  whether  these  sites  are  new  or  were  just  missed  in 
the  earlier  inventory. 
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sites will  have  a  summary  rating 
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conditions  meet  these  standards.  II  they  do  not,  mitigating  ac- 
I  be  nece: 
The  value  of  this  approach  is  that  it  provides  a  coherent 
ical  ba  .merit  thai  visitors.  It 

also  provides  a  definition,  in  the  form  o\  standards,  of  the  wil- 

inagei  is  trying  to  provide. 
This  approach  makes  it  clear  when  a  management  response  is 
or  is  ii..  i  of  that  response  can  be  judged 

by  whether  conditions  become  acceptable  in  the  future  or  not. 
At  this  time  (1981),  few  developed  formal  stand- 

ards. Consequently,  it  is  not  possible  to  evaluate  the  acceptabil- 
ity of  current  conditions,  fhe  data  can,  however,  be  used  to 
document  current  conditions  and  to  identify  both  the  extent  or 
campsite  impacts  and  sites  where  impacts  are 
ere.  This  will  help  in  the  development  of  man- 
hether  attention  is  given  to  the  preserva- 
tion ol  of  the  area  that  have  not  been  highly  disturbed 
or  to  the  rehabilitation  of  particular!;  !  iblem  areas. 

This  information  will  become  increasingly  valuable  with  time. 
If  campsites  can  nd  reassessed  in  a  manner  con- 

naJ  assessment,  it  will  be  possible  to  iden- 
tify trends  in  condition,  of  the  whole  area  and  of  individual 
sites,  and  to  relate  these  trends  to  changes  in  use  characteristics 
and  managemen  ing  rated  condition  parameters 

separately,  it  will  distinguish  improvement  in 

some  parameters  from  deterioration  in  others.  Such  informa- 
tion should  lead  to  an  ever-increasing  ability  to  meet  manage 
ment  objectives  established  for  backcountry  campsites. 
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The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity)    * 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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RESEARCH  SUMMARY 

The  costs  of  mitigating  trail  deterioration  problems 
could  be  reduced  through  improved  trail  location  and 
design  and  through  improved  monitoring  of  conditions. 
This  paper  describes  assessment  techniques  with  the 
potential  for  improving  management  of  backcountry  trails. 
Three  types  of  assessment  techniques  are  considered— 
replicable  measurements,  rapid  surveys,  and  censuses. 
Sampling  and  measurement  techniques  are  described  for 
each,  and  the  utility  of  the  results  is  assessed. 

To  illustrate  their  application,  specific  techniques  are 
applied  to  the  Big  Creek  trail  system  in  the  Selway- 
Bitterroot  Wilderness.  Both  repeated  measures  of  the 
cross-sectional  area  of  the  trail  and  rapid  surveys  show 
that  most  of  the  trail  system  is  stable  and  in  good  condi- 
tion. Certain  segments  are  in  poor  condition,  however.  An 
examination  of  the  relationship  between  trail  condition 
and  site,  design,  and  use  characteristics  indicated  that 
poor  location  was  the  major  cause  of  problems.  A  census 
of  trail  problems  and  associated  site  and  design  charac- 
teristics identified  (1)  vegetation  and  soil  indicators  to 
guide  trail  location,  and  (2)  design  techniques  to  avoid 
damage  where  poor  locations  cannot  be  bypassed. 
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INTRODUCTION 

Deteriorating  trails  are  a  common  problem  in  wilderness  and 
other  backcountry  areas.  They  detract  from  the  major  goals  for 
such  areas — to  maintain  natural  conditions  and  to  provide 
outstanding  opportunities  for  wilderness  recreation  experiences. 
Large  sums  of  money  are  spent  every  year  to  maintain,  rebuild, 
and  relocate  trails.  These  costs  could  be  greatly  reduced  if  we 
could  better  predict  where  deterioration  is  likely  to  occur  and 
how  it  can  be  minimized  through  trail  location  and  design. 
Costs  could  be  further  reduced  by  monitoring  trail  conditions 
so  that  protective  actions  are  taken  before  more  costly  remedial 
actions  are  necessary. 

Physical  deterioration  of  trails— for  example,  widening,  deep- 
ening, and  damage  to  the  tread— is  generally  of  more  concern 
than  vegetation  change.  Vegetation  change  is  less  obvious  to 
visitors,  is  usually  confined  to  about  3  ft  (1  m)  on  either  side  of 
the  trail  (Dale  and  Weaver  1974;  Cole  1979),  and,  most  impor- 
tant, does  not  impair  the  trail's  planned  function  as  a  transpor- 
tation facility. 

Several  studies  of  the  physical  condition  of  trails  have  been 
undertaken  (Cole  and  Schreiner  1981),  from  which  potentially 
useful  techniques  for  assessing  current  conditions  and  monitor- 
ing future  changes  have  emerged.  This  paper  presents  various 
approaches  and  measures  available  and  the  types  of  informa- 
tion each  can  provide.  To  illustrate  their  application,  specific 
techniques  were  applied  to  about  17  miles  (27  km)  of  established 
trail  in  the  Big  Creek  drainage  of  the  Selway-Bitterroot  Wilder- 
ness in  Montana.  Results  of  this  case  study  provide  an  assess- 
ment of  current  conditions  and  the  severity  of  ongoing  deterior- 
ation, as  well  as  guidelines  for  trail  location  and  design.  The 
paper  concludes  with  a  discussion  of  the  usefulness  of  these 
techniques  to  managers. 

TYPES  OF  ASSESSMENT  TECHNIQUES 

Available  techniques  can  be  conveniently  grouped  into  three 
types:  replicable  measurements  of  a  small  sample  of  trail  seg- 
ments, rapid  surveys  of  a  large  sample  of  trail  segments,  and 
complete  censuses  of  trail  problems  or  conditions. 


Replicable  Measurement  Techniques 

Detailed  quantitative  studies  provide  an  understanding  of 
subtle  changes  that  cannot  be  deteeied  using  rapid  survey  tech- 
niques. If  the  sampling  points  are  permanently  located,  change 
over  time  can  be  monitored  on  these  sites,  providing  panic 
ularly  valuable  information  to  the  manager.  Establishing  per- 
manent points  is  worthwhile  whenever  time-consuming  mea- 
surements are  taken  for  management  purposes,  because  the 
additional  time  invested  is  usually  minor  and  the  benefits  ol  an 
opportunity  for  repeat  measurements  are  great . 

Two  sampling  schemes  can  be  used  in  detailed  quantitative 
studies.  First,  sampling  points  can  be  distributed  in  either  a 
random  or  systematic  manner  along  the  trail.  A  systematic 
scheme,  such  as  locating  points  every  mile  along  the  trail,  is 
more  practical.  This  permits  an  assessment  of  the  condition  of 
the  trail  system  as  a  whole.  I  ater  remeasurements  establish  how 
much  change  has  occurred  on  this  trail  during  the  period  it  was 
studied  and  how  that  change  varies  from  place  to  place. 
However,  considerable  time  may  be  invested  in  measuring  sites 
that  are  of  no  particular  concern  to  the  manager.  I  have  found 
no  published  results  from  studies  of  this  type. 

Alternatively,  sampling  points  can  be  purposively  located  at 
places  where  pronounced  change  has  already  incurred  or  is  ex- 
pected. By  concentrating  samples  on  sites  of  particular  concern 
(for  example,  sites  experiencing  pronounced  trenching),  we  can 
learn  much  more  about  change  on  these  particuiai  sites.  How 
ever,  the  purposive  sampling  scheme  docs  not  permit  an  evalu- 
ation of  changes  on  the  system  as  a  whole.  Studies  using  pur- 
posively located  samples  are  relatively  common  (for  example, 
Ketchledge  and  1  eonard  1970;  Helgath  1975;  Summer  1980). 

The  most  commonly  used  method  for  measuring  soil  erosion 
on  trails  involves  measuring  the  cross-sectional  area  between 
tread  surface  and  a  taut  line  stretched  between  two  fixed  points 
on  each  side  of  the  trail.  Periodic  remeasurements  of  these  trail 
transects  document  the  amount  of  soil  lost  over  the  elapsed 
time. 

Leonard  and  Whitncv  ( 1977)  provide  a  detailed  description 
of  the  technique,  using  nails  in  trees  as  fixed  points.  As 


described,  this  technique  is  suitable  only  for  purposive  sampling 
in  forested  areas.  The  method  can  be  adapted  to  treeless  areas 
or  to  a  random  or  systematic  sampling  design  by  using  other 
fixed  points,  such  as  rods  set  in  the  ground  or,  preferably,  rods 
temporarily  placed,  at  the  time  of  measurement,  in  receptacles 
permanently  buried  in  the  ground  (Trottier  and  Scotter  1975). 
Regardless  of  what  type  of  fixed  point  is  used,  points  should  be 
far  enough  apart  to  allow  for  future  increases  in  trail  width  or 
the  development  of  multiple  trails. 

The  next  step  is  to  stretch  a  taut  line  and/or  tape  measure 
between  the  two  points.  A  series  of  vertical  measurements  of 
distance  between  line  and  trail  tread  are  taken  at  fixed  intervals 
along  the  tape.  Precision  will  be  greatest  when  (1)  the  line  is 
elevated  high  enough  above  the  fixed  points  to  clear  vegetation 
and  microtopography  along  the  trail,  (2)  the  line  is  kept  taut, 
and  (3)  a  plumb  bob  or  level  is  used  to  take  vertical  measure- 
ments (Coleman  1977).  The  cross-sectional  area  below  the  taut 
line  can  then  be  computed  from  the  vertical  measurements 
using  the  formula  in  figure  1. 
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Where  A  =  cross-  sectional  area 
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V,-  V„tr  Vertical  distance  measurements,  starting  at  V,  , 
the  first  fixed  point,  and  ending  at  Vn+i , 
the  last  vertical  measurement  taken. 

L  '  Interval  on  horizontal  taut  line 

Figure  1.— Layout  of  trail  transect  and  formula 
for  calculating  cross-sectional  area. 

When  remeasurements  are  taken,  the  fixed  points  should  be 
relocated  and  the  taut  line  should  be  positioned  at  precisely  the 
same  height  above  the  fixed  points  as  for  the  original  measure- 
ments. The  vertical  measurements  should  be  taken  at  the  same 
interval  and  starting  from  the  same  side  of  the  trail  as  in  the 
original  measurements.  When  the  cross-sectional  area  is  calcu- 
lated from  these  measurements,  it  can  be  compared  with  the 
original  area  to  determine  how  much  change  has  occurred  and 
whether  soil  has  been  eroded  or  deposited. 

Rinehart  and  others  (1978)  developed  a  technique  for  mea- 
suring cross-sectional  area  with  stereo  photographs.  After  trying 
both  photographic  and  field  measurement  techniques,  we  con- 
cluded that  field  measurements  were  both  more  rapid  and  more 
accurate. 

The  location  of  sampling  points  must  be  well  documented. 
Distance  from  the  trailhead  can  be  measured  with  a  highway- 
distance  measuring  wheel  (cyclometer).  If  readily  visible 
markers  are  used,  this  may  be  all  that  is  necessary.  We  have 
used  buried  metal  stakes  as  markers  to  minimize  the  likelihood 
of  vandalism.  We  reach  the  general  vicinity  of  the  markers 
using  the  cyclometer  and  photographs  taken  both  up  and  down 
the  trail  from  the  transect  location.  The  precise  location  of  the 
markers  is  noted  on  a  sketch  map  giving  distance  and  direction 


to  at  least  three  permanent  reference  points  (usually  trees 
recorded  by  species  and  diameter  at  breast  height).  The  metal 
stakes  are  found  with  a  metal  detector. 

Numerous  additional  measures  could  be  taken  at  these  sam- 
ple locations.  Root  and  Knapik  (1972),  Bryan  (1977),  and  Epp 
(1977),  for  example,  dug  soil  pits  and  studied  changes  in  soil 
profiles.  Summer  (1980)  used  a  penetrometer  to  measure  com- 
paction, fluorescent  pebbles  to  measure  pebble  movement,  and 
repetitive  photography  to  measure  surface  pebble  and  gravel  ar- 
moring. However,  cross-sectional  area  is  probably  the  most 
useful  measure  for  managers  in  that  the  technique  is  replicable, 
requires  relatively  little  training,  and  provides  results  that  are 
easy  to  use  and  interpret. 


Rapid  Survey  Techniques 

Rapid  survey  techniques  permit  more  trail  segments  to  be  ex- 
amined, but  the  only  types  of  observations  possible  are  those 
that  do  not  take  very  long.  Precision  in  monitoring  is  also 
reduced  because  sample  points  are  not  permanently  located. 
With  these  techniques,  monitoring  involves  comparing  two  in- 
dependent samples,  each  consisting  of  a  large  number  of  obser- 
vations, instead  of  reexamining  a  single,  smaller  sample  of  sites. 
Despite  this  reduced  precision,  the  accuracy  of  trail  condition 
assessments  may  be  greater  than  with  detailed  measurements 
because  more  trail  segments  can  be  examined. 

Rapid  surveys  are  most  valuable  when  the  primary  goal  is  to 
evaluate  the  gross  condition  of  the  trail  and  how  it  is  changing 
over  time.  Replicable  detailed  measures  are  necessary  to  detect 
subtle  changes  in  condition  over  short  periods  or  to  examine 
more  thoroughly  the  nature  of  change  along  trails. 

Most  rapid  surveys  have  utilized  a  systematic  sampling  design 
and  collect  data  on  both  trail  condition  and  characteristics  of 
environment,  trail  design,  and  use.  Samples  were  taken  every 
500  ft  (152  m)  by  Root  and  Knapik  (1972),  every  164  ft  (50  m) 
by  Bayfield  and  Lloyd  (1973),  and  every  1,640  ft  (500  m)  by 
Bratton  and  others  (1979).  These  studies  provide  an  assessment 
of  overall  trail  condition,  and  allow  variations  in  trail  condition 
to  be  related  to  differences  in  site,  design,  and  use  character- 
istics. This  leads  to  a  good  understanding  of  where  and  why 
trail  deterioration  is  occurring,  which  can  be  invaluable  when 
either  planning  new  trails  or  developing  strategies  for  mitigating 
existing  problems. 

If  an  assessment  of  overall  trail  condition  is  unnecessary,  it  is 
more  efficient  to  stratify  the  sample  by  site,  design,  or  use 
characteristics.  Summer  (1980),  for  example,  made  a  qualitative 
assessment  of  degree  of  erosion  on  60  sections  of  trail  located 
on  contrasting  geomorphic  surfaces.  Stratifying  her  sample  by 
geomorphic  surface  allowed  her  to  relate  erosion  damage  to 
trail  location  (geomorphic  surface)  with  fewer  samples  than  if 
she  had  used  a  strictly  random  or  systematic  sample.  This 
sampling  design  did  not  allow  her  to  generalize  about  overall 
trail  conditions,  however. 

When  using  a  stratified  sampling  scheme  one  must  avoid  bias 
when  locating  samples.  Bias  can  be  avoided  in  at  least  two 
ways.  Epp  (1977)  located  potential  sample  sites  every  100  paces 
along  the  trail.  A  sample  site  was  used  if  its  environmental 
characteristics  fit  into  one  of  the  categories  in  the  stratification 
for  which  further  sampling  was  required.  Alternatively,  one 
could  walk  along  the  trail  locating  segments  that  fit  the  desired 
characteristics  and  then  take  the  sample  at  some  predetermined 
distance,  such  as  20  paces,  farther  along  the  trail. 


Once  a  sampling  scheme  is  determined,  the  choice  of  what 
data  to  collect  at  each  site  will  depend  upon  the  aims  of  the 
study.  The  most  common  measures  of  trail  condition  have  been 
width  of  the  trail  (either  the  tread  or  the  entire  disturbed  /one), 
width  of  bare  ground,  and  maximum  depth  of  the  trail. 
Bayfield  and  Lloyd  (1973)  note  the  number  of  parallel  trails 
and  the  presence  or  absence  of  the  following  "detracting 
features":  rutting,  stepping,  surface  deterioration,  gullying, 
lateral  erosion,  bad  drainage,  esthetic  intrusions,  vandalism,  or 
litter.  Summer  (1980)  used  erosion  ratings,  with  written  descrip- 
tions for  each  erosion  class,  to  evaluate  damage  at  each  sample 
site.  Commonly  recorded  site  characteristics  include  amount 
and  type  of  use,  vegetation  type,  slope  and  aspect  of  both  the 
trail  and  the  surrounding  terrain,  landform,  parent  material, 
drainage,  and  soil  characteristics. 

After  these  data  have  been  collected,  means  and  standard 
deviations  for  each  trail  condition  parameter  can  be  calculated 
and  used  to  assess  the  overall  condition  of  the  trail.  Severely 
damaged  segments  can  be  identified  and  mapped.  Finally,  dif- 
ferences in  trail  condition  can  be  related  to  environmental, 
design,  and  use  characteristics  using  standard  statistical  tech- 
niques. This  should  help  identify  likely  causes  of  trail  deteriora- 
tion and  means  of  avoiding  future  problems. 

Census  Techniques 

Several  researchers  have  censused  entire  trail  systems.  Trails 
are  subdivided  into  individual  segments  that  can  simply  be 
described  as  either  damaged  or  undamaged  (Root  and  Knapik 
1972).  Some  studies  have  gone  a  step  further  and  rated  the 
degree  of  impairment  of  each  segment.  Trottierand  Scotter 
(1975)  express  trail  condition  in  a  single  number  determined  by 
rating  five  parameters  (width,  depth,  moisture  regime,  stones 
and  roots  on  the  tread,  and  walkability).  This  number  is  the 
sum  of  individual  ratings  for  each  of  the  five  parameters. 
Ratings  range  from  zero  (low  impact)  to  three  (high  impact). 
Bratton  and  others  (1979)  use  two  rating  systems.  One  is  based 
on  quantitative  measures  of  total  width;  total  width  minus 
tread;  depth;  percent  water  erosion,  mud ,  rut,  horse  impact, 
foot  impact,  or  vehicle  track;  percent  exposed  roots  or  bank 
erosion;  and  total  area  of  mud  erosion.  Their  other  system  has 
five  descriptive  classes  ranging  from  the  very  little  erosion  class 
to  the  very  extensive  erosion  class.  The  latter  class  is  defined  as: 
"trail  to  bedrock  or  other  substrate,  or  tree  roots  badly  dam- 
aged, or  some  ruts  more  than  50-cm  deep,  or  large  areas  (over 
50%)  of  bank  erosion,  or  mud  holes  so  extensive  that  the  trail 
is  largely  outside  of  its  maintained  width"  (Bratton  and  others 
1979).  Similar  rating  scales  could  be  adapted  to  other  areas. 
The  key  to  success  is  describing  each  category  quantitatively  or 
in  prose  as  precise  as  possible. 

These  techniques  provide  particularly  useful  assessments  of 
overall  trail  condition.  Although  they  are  more  time  consuming 
than  taking  a  sample,  complete  maps  of  trail  condition  can  be 
compiled.  Such  maps  could  be  very  useful  to  managers  for 
planning  and  budgeting. 

Another  useful  approach  to  assessing  and  mapping  trail  con- 
dition is  to  census  all  trail  "problems."  Again  it  is  important  to 
define  precisely  what  is  to  be  considered  a  problem.  The 
number  and  length  of  problems  can  be  recorded  while  walking 
along  the  trail;  then  the  location  of  each  problem  can  be 
mapped.  Finally,  by  noting  the  site,  design,  and  use  character- 
istics of  each  problem  segment,  it  is  possible  to  develop  a  beiter 


understanding  of  where  and  why  problems  occur,  fnis  infor- 
mation can  be  used  to  guide  trail  location,  design,  and 
maintenance. 

THE  CASK  OF  BIG  CREEK  TRAIL 

To  test  methods  and  illustrate  how  they  work,  several  ol 
these  techniques  were  used  along  about  17  miles  (27  kin)  ol 
established  trail  in  the  Big  Creek  drainage  of  the  Selway- 
Bitterroot  Wilderness  (fig.  2).  Most  of  the  trail  system  is  in 
montane  valley-bottom  forest  bet  ween  3,900  and  6, (XX)  ft  ( 1  2(X) 
and  I  800  m).  Above  this  elevation  the  trails  more  frequently 
leave  the  valley  bottoms  and  nonforested  vegetation  types  ate 
more  common.  The  Big  Creek  trail  is  one  of  the  more  heavily 
used  trails  in  the  Selway-Bitterroot,  by  both  hikers  and  stock. 
The  South  Fork  trail,  which  branches  oft  from  the  main  trail 
about  8  miles  (13  km)  above  the  (railhead,  is  infrequently  used. 
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Figure  2.— Location  of  the  Big  Creek  drainage 
within  the  Montana  portion  of  the  Selway- 
Bitterroot  Wilderness. 


Study  Methods 

We  established  10  permanent  trail  transects  along  the  main 
Big  Creek  trail  in  1978.  These  were  systematically  located  every 
mile  ( 1 .6  km)  after  establishing  a  randomly  selected  starting 
point.  No  transects  were  located  on  the  South  fork  trail.  In 
1979  we  established  two  additional  transects  across  trail 
segments  selected  because  they  were  deeply  incised. 

With  all  of  these  transects,  a  tape  was  placed  flush  with  the 
permanent  stakes  at  ground  level;  it  was  nol  elevated  above  the 
trail-side  microtopography  and,  therefore,  some  precision  was 
lost.  Vertical  measurements  were  taken  every  0.2  fl  (6  cm)  and 
determined  to  the  nearest  I  8  inch  (0.32  cm).  The  cross- 
sectional  area  below  the  tape  was  then  calculated  using  the  for- 
mula in  figure  1.  In  1980,  the  10  systematically  located  transects 
and  the  two  purposivcly  located  transects  were  remeasured. 

In  1980  we  did  a  rapid  survey  along  I  he  Big  Creek  and  South 
Fork  trails,  taking  observations  every  0.2  mile  (0.32  km)  for  a 
total  of  83  observations.  At  each  observation  point  the  follow- 
ing data  were  collected:  overall  trail  width  (the  /one  obviously 
disturbed  by  trampling);  bare  ground  width;  maximum  depth; 
presence  or  absence  of  multiple  trails,  trail  deepening  (max- 
imum depth  of  over  10  inches  [25  cm]),  erosion  ol  trail  sides, 
roots,  rocks,  or  mud  (in  quantities  greater  than  m  adjacent 
areas),  and  "washboard"  (alternating  uses  and  depressions  in 


the  trail  caused  by  horses  stepping  repeatedly  on  the  same 
spots);  habitat  type,*1  and  slope,  both  along  and  across  the  trail. 

This  survey  provided  data  on  the  overall  condition  of  the 
trail  and  the  frequency  of  occurrence  of  various  trail  problems. 
However,  the  small  number  of  problem  observations  suggested 
it  would  be  valuable  to  look  more  closely  at  the  problem 
segments  along  the  trail.  Consequently,  we  censused  all  trail 
segments  that  were  either  incised  more  than  10  inches  (25  cm) 
or  muddy  for  at  least  part  of  the  use  season  and  that  were  at 
least  3  ft  (0.9  m)  long.  For  each  segment  we  noted  length  of 
the  problem  segment,  maximum  depth  and  width  of  the  seg- 
ment, habitat  type,  and  slope  of  the  trail.  We  also  made  obser- 
vations about  soils  and  landforms,  and  potential  remedies  for 
the  problem. 

Overall  Trail  Condition 

Results  of  the  systematic  sample  of  trail  transects  show  that 
between  1978  and  1980,  only  4  of  the  10  sample  sites  experi- 
enced a  net  loss  of  soil;  the  cross-sectional  area  below  the 
transect  decreased  on  the  other  6  sites,  indicating  that  deposi- 
tion of  material  exceeded  erosion.  On  those  sites  with  a  net 
loss,  the  mean  loss  was  12  in2  (77  cm2);  losses  ranged  between 
6  in2  (39  cm2)  and  17  in2  (1 10  cm2).  Generally  more  material 
was  lost  from  lateral  erosion  of  the  "banks"  of  the  trail  than 
from  further  incision  at  the  deepest  part  of  the  trail  (fig.  3). 

The  mean  decrease  in  cross-sectional  area  on  those  sites  ex- 
periencing a  decrease  was  13  in2  (84  cm2),  with  a  range  between 
1  in2  (6  cm2)  and  47  in2  (303  cm2).  The  decreases  are  a  result  of 
both  slumping  of  the  trail  "banks"  and  infilling  of  the  trail 
tread  (fig.  4).  The  site  where  47  in2  of  material  was  deposited 
had  been  disturbed  by  trail  work  immediately  upslope. 

To  test  the  accuracy  of  our  measurements,  10  replicate 
measures  of  one  transect  were  taken.  The  mean  area  for  the  10 
measures  was  83.6  in2  (540  cm2);  the  95  percent  confidence 
limits  around  this  mean  were  ±  4. 1  in2  (26  cm2),  about  5  per- 
cent of  the  mean  value.  The  amount  of  change  that  occurred  in 


'Habitat  types  are  a  site  classification  system  based  on  potential  climax  vegeta- 
tion. We  used  the  types  presented  in  "Preliminary  Forest  Habitat  Types  of  the 
Nezperce  National  Forest"  (Robert  Steele  and  others  1976,  preliminary  draft, 
USDA  Forest  Service,  Intermountain  Station.) 


2  years  exceeded  this  measurement  error  value  on  only  5  of  the 
10  transects.  Of  these  five  sites,  two  experienced  a  net  loss  of 
soil  and  three  a  net  gain. 

These  results  suggest  that  over  the  trail  system  as  a  whole  lit- 
tle erosion  is  occurring.  Some  loss  occurs  where  soil  sloughs  off 
banks,  is  transported  by  moving  water,  and  deposited  where 
water  drains  off  the  trail.  However,  sediment  is  also  deposited 
on  the  trail  by  overland  flow,  and  material  eroded  from  one 
trail  segment  is  often  deposited  elsewhere  along  the  trail. 
Although  individual  cross-sectional  profiles  are  changing,  the 
trail  as  a  whole  exhibits  a  relatively  steady  state.  Trottier  and 
Scotter  (1975),  working  in  Canada's  Banff  National  Park,  also 
found  little  short-term  increase  in  the  cross-sectional  area  of 
trails  that  were  properly  located. 

A  larger  sample  size  would  be  necessary  to  draw  more 
definitive  conclusions.  The  rapid  survey  we  took  increased  the 
number  of  observations  to  83,  although  trends  over  time  were 
not  quantified.  The  mean  trail  width  of  the  entire  trail  system 
was  3.2  ft  (98  cm);  the  mean  width  of  the  nonvegetated  part  of 
the  trail  was  2.3  ft  (70  cm).  The  mean  maximum  depth  of  the 
trail  was  0.41  ft  (12  cm).  These  values  are  similar  to  those 
recorded  elsewhere  in  the  Northern  Rocky  Mountains  (Dale 
and  Weaver  1974),  but  these  trails  are  narrower  and  deeper 
than  trails  in  Great  Smoky  Mountains  National  Park  (Bratton 
and  others  1979). 

The  trail  problems  we  defined  (multiple  trails,  deepening, 
lateral  erosion,  roots,  rocks,  mud,  and  "washboard"  )  were  ab- 
sent on  65  percent  of  the  trail  segments  we  examined.  This  sup- 
ports the  conclusion  of  our  trail  transect  study  that  most  of  the 
trail  system  is  in  good  shapeand  appears  to  be  stable. 

There  are,  however,  certain  trail  segments  with  severe  prob- 
lems (fig.  5).  Of  the  83  segments,  13  percent  were  more  than 
5  ft  (152  cm)  wide;  1  segment  was  7. 1  ft  (216  cm)  wide.  The 
width  of  exposed  soil  exceeded  4  ft  (122  cm)  in  8  percent  of  the 
cases,  and  reached  6  ft  (183  cm)  in  one  case.  Of  the  segments, 
35  percent  had  at  least  one  problem  and  12  percent  had  more 
than  one  problem.  Three  problems  occurred  on  more  than 
10  percent  of  the  segments:  mud  (17  percent);  rocks  (13  per- 
cent); and  root  exposure  (11  percent).  Incision  of  more  than 
10  inches  (25  cm)  occurred  on  8  percent  of  the  sites,  and  multi- 
ple trails  were  present  at  5  percent.  Lateral  erosion  and  "wash- 
board" were  rarely  encountered. 
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{Figure  3.— The  cross-sectional  profiles  for   transect  8  indicate  a  net  loss  of  17  in2 
(110  cm2)  of  material  (erosion)  between  1978  and  1980. 
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Figure  4.— The  cross-sectional  profiles  for  transect  5  indicate  a  net  gain  of  15  in2  (97  cm2) 
of  material  (deposition)  between  1978  and  1980. 
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Figure  5.— Measurements  and  observations  taken  every  0.2  mile  along  the  Big 
Creek  and  South  Fork  trails. 


South  Fork  Trail 


The  severity  of  trail  deterioration  in  some  locations  was  also 
illustrated  by  the  results  of  trail  transects  at  sites  purposely 
selected  as  examples  of  deeply  incised  trails.  In  1  year  the  cross- 
sectional  area  at  one  site  (fig.  6)  increased  56  in2  (362  cm2), 
from  944  in2  (6  090  cm2)  to  1 ,000  in2  (6  452  cm2).  At  the  other 
site,  the  cross-sectional  area  increased  from  478  in2  (3  084  cm2) 
to  508  in2  (3  277  cm2),  an  erosional  loss  of  30  in2  (194  cm2). 
These  losses  occurred  primarily  as  deepening  on  steep  trails  and 
were  probably  more  a  result  of  water  erosion  than  excessive 
use.  The  amount  of  soil  loss  involved  is  roughly  comparable  to 
that  found  by  Ketchledge  and  Leonard  (1970)  in  the  Adiron- 
dacks  and  by  Summer  (1980)  in  Rocky  Mountain  National  Park. 


Figure  6.— Deeply  incised  trail  segment  on 
which  trail  transect  measurements  showed  a 
1-year  soil  loss  of  56  in2  (362  cm2). 

Trail  Conditions  in  Relation  to  Habitat  Type 

Using  data  collected  in  the  rapid  survey,  we  examined  the 
relationship  between  trail  condition  and  factors  related  to  the 
trail's  location,  design,  and  amount  of  use.  The  major  loca- 
tional  variable  we  examined  was  habitat  type.  Most  of  the  trail 
was  located  in  forests  with  the  potential  to  be  dominated  by 
Abies  lasiocarpa.  Three  habitat  types  characterized  by  Strep- 
topus  amplexifolius,  Clintonia  uniflora,  or  Menziesia  ferruginea 
in  the  undergrowth  were  common.  Two  types  with  a  potential 
overstory  of  Abies  grandis  and  undergrowth  characterized  by 
either  Linnaea  borealis  or  Clintonia  uniflora  were  also  com- 
mon. The  other  types  were  Pseudotsuga  menziesii/Physocarpus 
malvaceus  and  a  nonforested  herbaceous  vegetation  type  usu- 
ally found  on  avalanche  paths. 

Table  1.—  Trail  conditions  in  various  habitat  types1 


All  measures  of  trail  condition  differed  significantly  between   I 
habitat  types  (table  1).  Trail  segments  located  in  the  Abies 
lasiocarpa /Streptopus  amplexifolius  type  were  more  consistently 
in  poor  condition  than  segments  in  other  types.  Trails  in  this 
habitat  type,  which  is  indicative  of  a  high  water  table,  are  easily 
trampled  into  quagmires.  Visitors  attempting  to  avoid  muddy 
conditions  widen  the  trail,  and  water  erosion  frequently 
deepens  the  trail  where  the  water  table  is  intercepted  by  the 
trail  tread.  Working  on  the  west  side  of  the  Selway-Bitterroot 
Wilderness  in  Idaho,  Helgath  (1975)  found  similar  problems  in 
Thuja  plicata/ Athyrium  filix-femina  and  Abies  lasiocarpa/ 
Pachistima  myrsinites  habitat  types.  Two  of  our  trail  samples 
were  in  Thuja  plicata  forest.  These  samples  had  three  problems 
each  and  a  mean  trail  width  of  4.0  ft  (122  cm),  bare  width  of 
3.0  ft  (91  cm),  and  maximum  depth  of  1.1  ft  (34  cm),  sug- 
gesting that  these  types  are  also  poor  trail  locations. 

The  two  Abies  grandis  types  had  fewer  problems.  Most  prob- 
lems in  the  Abies  grandis /Linnaea  borealis  type  were  with  ex- 
posure of  rocks  in  the  trail  as  finer  particles  are  eroded  away. 
This  leads  to  excessive  trail  widening  as  hikers  and  stock  at- 
tempt to  skin  the  rocks  exposed  in  the  tread  (fig.  7).  Excessive 
muddiness,  root,  and  rock  exposure  were  all  occasional  prob- 
lems in  the  Abies  grandis /Clintonia  uniflora  type. 

In  contrast,  trail  segments  located  in  nonforested  areas  were 
consistently  in  better  shape  than  segments  in  other  types.  The 
only  problem  encountered  was  one  case  of  muddiness  where 
the  trail  crossed  the  drainageway  of  an  avalanche  slope.  These 
locations  are  usually  better  drained  than  the  forests,  which  have 
developed  on  glacial  deposits  in  the  valley  bottoms.  Conse- 
quently, trail  deepening  by  water  erosion  is  less  pronounced. 


Figure  7.— Pronounced  trail  widening  com- 
monly occurs  where  hikers  and  stock  skirt 
rough  rock  outcrops  exposed  in  the  trail  tread. 
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depth         frequency 


Abies  lasiocarpa/Streptopus  amplexifolius 
Abies  grandis/Linnaea  borealis 
Abies  grandis/Clintonia  uniflora 
Pseudotsuga  menziesii/Physocarpus  malvaceus 
Abies  lasiocarpa/Clintonia  uniflora 
Abies  lasiocarpa/Menziesia  ferruginea 
Nonforested  avalanche  slope  types 
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11 

3.2  be 
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9c 

10 

2.0  d 

.9  c 

.18  c 
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3.2 

2.3 

.41 

35 

Any  two  means  in  a  column  followed  by  one  or  more  of  the  same  letters  are  not  significantly  different  at 
the  95  percent  confidence  level,  using  the  difference-of-means  and  difference-of-proportions  tests  (Blalock 
1972). 


Trail  Conditions  in  Relation  to  Slope 

Regressions  showed  the  following  significant  positive  rela- 
tionship between  slope  along  the  trail  and  maximum  depth  of 
the  trail: 

maximum  depth  (ft)  =  0.30  t  0.02  X  (  slope  in  degrees) 
There  were  no  significant  relationships  between  slope  along  the 
trail  and  trail  width  or  bare  width.  The  frequenc)  of  problems 
was  also  unrelated  to  slope  along  the  trail.  Although  steep 
segments  often  are  more  highly  deteriorated — they  are  deeper  in 
particular — flat  segments  are  also  prone  to  problems  due  to 
poor  drainage.  Effective  use  of  water  bars  and  other  means  of 
controlling  erosion  can  prevent  damage  on  steep  trail  segments. 
Even  for  maximum  depth,  trail  slope  does  not  explain  much 
variability  (r:  =  0.08).  It  might  have  if  extremely  steep  pitches 
were  more  common  and  maintenance  was  less  frequent. 

Trail  Conditions  in  Relation  to  Amount  of  Use 

To  examine  the  effects  of  amount  of  use,  we  compared  the 
infrequently  traveled  South  Fork  trail  with  the  frequently 
traveled  section  of  the  Big  Creek  trail  above  the  junction  with 
the  South  Fork  (table  2).  The  widths  of  both  the  entire  trail 
and  the  bare  portion  of  the  trail  were  significantly  greater  on 
the  more  heavily  used  trail.  The  mean  maximum  depth  was 
greater  on  the  heavily  used  trail,  but  the  difference  was  not 
statistically  significant.  The  relative  frequency  of  problems  on 
the  two  trails  was  identical. 

Table  2. —  Trail  conditions  in  relation  to  amount  of  use 


Trail         Bare      Maximum      Problem 
Amount  of  use        N     width1     width1        depth        frequency 


— — 

Feet— 

Percent 

Light 

17 

2.4 

1.0 

0.28 

35 

(South  Fork) 

Heavy 

17 

3.7 

3.0 

42 

35 

(Big  Creek  Lake) 

Significant  al  p  =  0.05;  one-tailed  difference-ofmea 

Other  studies  support  the  contention  that  trail  width 
responds  more  to  amount  of  use  than  either  trail  depth  or 
problem  frequency.  Bayfield  and  Lloyd  (1973)  and  Dale  and 
Weaver  ( 1 974)  both  found  that  trail  width  increased  with  in- 
creasing use.  In  a  series  of  experiments.  Weaver  and  Dale 
(1978)  found  that  a  small  amount  of  use  caused  mosi  of  the  in- 
crease in  trail  depth  they  recorded,  while  trail  width  continued 
to  increase  substantially  with  further  increases  in  use.  A  prob- 
able explanation  is  that  the  major  mechanism  maintaining  a 
wide  trail  is  trampling.  To  maintain  a  bare  width  of  3  It 
(91  cm),  a  consistently  high  level  of  trampling  must  occur  over 
that  area.  Where  use  levels  are  low,  only  the  central  pari  of  the 
trail — a  much  narrower  path — is  trampled  frequently  enough  to 
remove  all  vegetation.  However,  once  the  vegetation  has  been 
removed,  even  along  a  narrow  path,  water  erosion  can  be  pro- 
nounced. Water  erosion  is  probably  the  major  mechani 
trail  deepening  in  most  situations  and  can  be  as  pronounced  on 
light-use  trails  as  on  heavy-use  trails.  Most  problems  can  also 
be  triggered  by  low  levels  of  use  on  a  poorly  located  or  poorly 
maintained  trail  segment.  Beyond  this  low  threshold,  further  in- 
creases in  use  have  little  effect  on  problem  frequency.  Helgath 
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Figure  8.— This  muddy  trail  segment  is  more 
than  6  ft  (183  cm)  wide  and  provides  a  good 
example  of  multiple  trailing  and  "washboard." 
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We  found  that  45  segments,  about  2,500  ft  (762  m),  were 
deeply  incised.  The  average  length  of  these  segments  was  57  ft 
(17  m);  the  average  depth  was  1.6  ft  (48  cm).  The  average 
width  was  2.2  ft  (67  cm),  less  than  the  average  for  the  trail 
system  as  a  whole. 

Incision  problems  occurred  on  a  wide  variety  of  habitat 
types,  so  we  could  not  identify  any  useful  vegetative  indicators 
of  potential  problems.  Almost  90  percent  of  the  problems  oc- 
curred where  the  slope  along  the  trail  exceeded  the  overall  trail 
average  of  4.7  degrees  (fig.  9).  The  mean  slope  for  problem 
trail  segments  was  11.5  degrees  (more  than  a  20  percent  slope). 
About  80  percent  of  the  problems  could  be  solved  either  through 
better  use  of  water  bars  or  by  ditching  trails  so  that  drainages 
are  not  diverted  down  the  trail.  However,  most  of  these  seg- 
ments are  so  deeply  eroded  that  they  would  have  to  be  filled  in 
before  water  bars  could  be  effective.  This  emphasizes  the  im- 
portance of  recognizing  the  need  for  such  drainage  devices  dur- 
ing initial  trail  construction. 


Figure  9.— Trail  incision  commonly  occurs 
even  on  moderate  slopes  if  water  bars  have 
not  been  used. 

Erosion  on  gentle  slopes  usually  occurred  in  soils  with  uni- 
form textures,  particularly  in  the  fine  sand  to  silt  size  classes. 
These  are  most  likely  small  areas  of  outwash  or  lacustrine 
deposits  in  a  matrix  of  glacial  till.  Root  and  Knapik  (1972), 
working  in  the  Canadian  Rockies,  also  found  such  locations  to 
be  particularly  erosive.  Localized  trail  rerouting  through  till 
deposits  would  alleviate  most  of  these  problems. 

MANAGEMENT  IMPLICATIONS 


Value  of  the  Techniques  as  Management  Tools 

These  techniques  provide  two  types  of  information  that  can 
be  useful  to  the  manager.  First,  they  can  provide  guidelines  for 
trail  location,  relocation,  design,  and  maintenance.  Both  rapid 
survey  and  census  techniques  can  be  used  to  gather  informa- 
tion. We  feel  the  best  method  is  to  take  a  census  of  problem 
trail  segments,  look  for  associations  between  problems  and  en- 
vironmental conditions  (such  as  habitat  type,  slope,  or  parent 
material),  and  suggest  solutions  to  the  problems.  This  amounts 
to  learning  from  past  mistakes.  Not  all  trails  need  to  be 
examined.  Choose  trails  that  are  examples  of  the  range  of  con- 
ditions in  the  area  of  concern,  develop  guidelines  for  these  con- 
ditions, and  extrapolate  the  results  elsewhere.  Indicators  of 
potential  trail  problems  should  be  identified  and  trail  design 


features  should  be  developed  to  avoid  problems  where  poor  lo- 
cations cannot  be  bypassed. 

These  surveys  should  be  taken  by  personnel  well  trained  in 
ecology  and  soil  science,  preferably  with  experience  in  trail  con- 
struction and  maintenance.  While  such  a  survey  involves  an  in- 
itial outlay  of  funds,  this  investment  will  be  quickly  recovered 
in  reduced  trail  relocation,  maintenance,  and  rehabilitation 
costs.  This  is  probably  the  most  useful  type  of  trail  analysis  the 
manager  can  undertake. 

Managers  should  also  be  concerned  about  monitoring  trail 
conditions  to  determine  the  effectiveness  of  their  trail  manage- 
ment programs.  The  first  step  in  developing  a  monitoring  pro- 
gram is  to  decide  which  types  of  trail  deterioration  are  of  most 
concern,  and  whether  to  monitor  the  severity  of  individual 
problems  (for  example,  how  wide  the  trail  is),  the  frequency  of 
problems  (for  example,  the  number  or  length  of  excessively 
wide  trail  segments),  or  both. 

These  decisions  should  be  in  written  standards  stating  condi- 
tions that  are  unacceptable.  Standards  might  state,  for  example, 
that  no  trail  segment  should  be  deeper  than  1  ft,  that  muddy 
segments  should  be  no  longer  than  10  ft,  or  that  no  more  than 
1  percent  of  the  trail  should  be  more  than  3  ft  wide.  Once 
standards  have  been  defined,  trails  can  be  surveyed  to  deter- 
mine whether  current  conditions  are  acceptable  or  not.  If  they 
are  not,  mitigating  actions  will  be  necessary.  Periodic 
reassessments  will  show  whether  these  actions  are  successfully 
controlling  the  problem. 

Rapid  survey  assessments  noting  presence  or  absence  of 
problems  or  simply  measuring  trail  width  or  depth  should 
usually  be  sufficient  for  monitoring  overall  trail  condition.  A 
census  of  all  segments  with  potential  problems  will  be  necessary 
where  a  standard  has  been  written  to  limit  the  severity  of  in- 
dividual problems.  For  example,  if  a  standard  states  that  no 
trail  segment  will  be  deeper  than  1  ft,  monitoring  should  in- 
volve periodically  measuring  the  depth  of  all  segments  where 
depth  might  exceed  1  ft.  Systematic  sampling,  however,  can 
provide  a  more  efficient  estimate  of  problem  frequency.  If  the 
standard  stated  no  more  than  1  percent  of  the  trail  will  be 
deeper  than  1  ft,  depth  measurements  could  be  taken  every 
0.2  mile  (or  some  other  distance)  to  see  if  depth  exceeds  1  ft  on 
more  than  1  percent  of  the  sample  segments. 

More  detailed  monitoring  of  permanent  sites  would  be  useful 
to  managers  wanting  to  evaluate  how  well  some  trail  hardening 
or  maintenance  technique  is  working.  Changes  over  time  could 
be  followed  on  otherwise  similar  hardened  and  nonhardened 
trail  segments  to  determine  the  effectiveness  of  the  hardening 
technique.  Such  a  study  would  also  be  useful  in  evaluating  the 
consequences  of  a  change  in  amount  or  type  of  use.  Detailed 
monitoring  of  randomly  or  systematically  located  sites  will  be 
of  limited  use  to  managers. 

Trail  Management 

A  major  conclusion  of  these  studies  is  that  most  of  the  Big 
Creek  trail  system  is  in  good  condition.  Erosional  loss  from  the 
trail  is  generally  low,  and  problems  are  absent  on  most  of  the 
trail.  The  severely  deteriorated  segments  we  surveyed  amounted 
to  only  4  percent  of  the  trail  system.  Similar  conclusions  have 
also  been  reached  for  most  other  trail  systems  examined  (for 
example,  Root  and  Knapik  1972;  Bayfield  and  Lloyd  1973). 

These  results  suggest  that  the  significance  of  trail  deteriora- 
tion to  maintaining  natural  conditions  in  the  Big  Creek  area 
and  elsewhere  is  negligible.  The  only  important  ecological  effect 


likely  to  occur  would  be  if  the  trail  disturbed  an  extremely  rare 
plant,  animal,  or  ecosystem.  It  is  unlikely  that  this  has  hap- 
pened in  the  Big  Creek  drainage.  Where  this  does  occur,  the 
problem  is  a  result  of  trail  placement,  not  trail  deterioration, 
and  the  solution  is  relocation. 

Managers,  however,  should  not  interpret  this  to  mean  they 
can  be  lax  in  minimizing  ecological  disturbance  associated  with 
trails.  Rather  it  suggests  that  in  most  cases  the  significance  of 
trail  deterioration  problems  should  be  determined  primarily  by 
their  effect  on  the  visitor's  experience.  Lee  ( 1975)  found  that 
backcountry  visitors  were  bothered  most  by  features  that 
detract  from  the  trail's  functional  ability  to  provide  a  pleasant 
and  easy  walking  surface,  such  as  loose  rock  or  muddiness.  As 
long  as  trails  are  not  unnecessarily  overengineered,  trail 
characteristics  that  are  primarily  esthetic  detractions,  such  as 
excessive  trail  width,  are  probably  less  important,  although  they 
certainly  can  be  bothersome  to  some  people.  Therefore,  in  a 
monitoring  program,  managers  might  want  to  pay  particular  at- 
tention to  changes  that  make  a  trail  more  difficult  to  walk 
along. 

Although  trail  condition  is  generally  good,  some  trail  seg- 
ments have  severe  problems.  The  probability  that  a  given  seg- 
ment will  deteriorate  is  a  function  of  the  trail's  immediate  en- 
vironment, its  design  and  maintenance,  and  the  amount  and 
type  of  use  the  trail  receives.  In  the  Big  Creek  drainage, 
amount  of  use  had  a  significant  effect  on  trail  width  and  bare 
width,  features  probably  of  secondary  importance  to  visitors 
and  in  terms  of  ecological  impact.  The  slope  of  the  trail  af- 
fected only  the  maximum  depth  of  the  trail.  Deeply  incised  trail 
segments  are  a  significant  impact.  However,  until  incisions 
become  so  deep  that  footing  is  difficult,  they  are  probably  a 
less  severe  problem  in  the  eyes  of  the  visitor  than  is  muddiness. 
Frequency  of  muddiness  and  other  trail  problems,  as  well  as 
trail  width,  bare  width,  and  maximum  depth,  all  differed  be- 
tween habitat  types,  indicating  that  the  most  significant  trail 
problems  are  primarily  related  to  local  environmental  condi- 
tions. This  conclusion  is  supported  by  the  results  of  several 
other  studies  that  found  that  more  variability  in  trail  conditions 
is  explained  by  local  environment  (usually  vegetation  type)  than 
any  other  factor  (Bayfield  and  Lloyd  1973;  Helgath  1975; 
Weaver  and  others  1979). 

Such  a  conclusion  implies  that  most  problems  can  be  avoided 
through  careful  attention  to  trail  location.  In  the  Big  Creek 
drainage,  trail  problems  would  have  been  minimal  if  the  route 
had  avoided  areas  with  a  high  water  table,  often  indicated  by 
the  Abies  iasiocarpa/Streptopus amplexifolius  habitat  type,  and 
glacial  deposits  with  a  homogeneous  silt  to  fine  sand  texture. 
Where  these  locations  cannot  be  avoided,  problems  could  be 
reduced  through  proper  design  during  construction.  Areas  with 
a  high  water  table  need  to  be  either  drained  or  bridged  (Proudman 
1977).  In  the  glacial  deposits,  slopes  should  be  minimal  and 
water  bars  should  be  used  and  frequently  maintained.  Proper 
trail  location  avoids  most  problems,  while  engineering  avoids 
most  remaining  problems.  Restrictions  on  amount  of  use  are 
less  helpful. 
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RESEARCH  SUMMARY 

This  report  presents  the  results  of  a  survey  of  the 
managers  of  all  units  within  the  National  Wilderness 
Preservation  System  and  many  units  that  will  probably 
be  added.  Use  characteristics,  management  problems, 
management  techniques,  nonconforming  uses,  and  other 
topics  of  interest  are  described  for  269  areas.  Informa- 
tion is  most  frequently  organized  by  administering  agen- 
cy, but  also  by  status  of  the  area  (wilderness,  proposed 
wilderness,  or  primitive  area),  and  by  region  of  the  coun- 
try. Important  differences  in  agency  philosophy  are  high- 
lighted. A  tabular  summary  of  key  data  provides  opportu- 
nities for  detailed  analysis  and  further  study,  and  also 
documents  current  conditions  for  future  comparison. 
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INTRODUCTION 

The  National  Wilderness  Preservation  System  (NWPS),  en- 
compassing almost  80  millon  acres  in  1980  and  spanning  over 
6,000  miles,  is  a  tremendously  varied  system.  It  includes  areas 
that  are  virtually  unvisited,  as  well  as  areas  that  receive  enor- 
mous pressures  from  nearby  urban  populations.  It  includes 
tundra,  desert,  forest,  and  swamp.  Within  the  unifying  legis- 
lated purpose  of  wilderness  set  forth  in  the  Wilderness  Act  of 
1964,  each  of  the  four  agencies  that  manage  the  NWPS,  the 
Forest  Service  (FS),  National  Park  Service  (NPS),  Fish  and 
Wildlife  Service  (FWS),  and  Bureau  of  Land  Management 
(BLM),  imposes  its  own  mandates  and  policies  on  wilderness. 
The  result  is  a  decentralized  mosaic  of  physical  and  management 
situations  loosely  united  through  the  general  and  sometimes 
contradictory  provisions  of  the  Wilderness  Act. 

At  this  time,  no  areas  managed  by  the  BLM  have  been  desig- 
nated wilderness.  The  BLM  primitive  areas,  however,  are  likely 
to  be  added  to  the  NWPS,  and  three  parcels  of  BLM  land  ad- 
jacent to  FS  wilderness  are  managed  by  the  FS. 

Given  this  tremendous  diversity,  we  felt  it  would  be  worth- 
while to  survey  the  problems  and  practices  of  the  areas  that 
comprise  the  NWPS.  Such  a  survey  would  be  a  valuable  refer- 
ence— now  and  in  the  future — on  wilderness  conditions  and 
management  in  1980.  Two  previous  surveys  of  wilderness  prac- 
tices omitted  many  component  areas  in  one  case  (Godin  and 
Leonard  1979)  and  did  not  include  a  number  of  topics  that  we 
considered  to  be  important  (Bury  and  Fish  1980,  Fish  and  Bury 
1981). 

A  survey  of  the  NWPS  could  be  useful  to  wilderness  manag- 
ers and  planners  and  to  the  research  community.  Managers 
could  gain  insight  from  an  improved  perspective  on  how  their 
area's  unique  problems  and  practices  relate  to  those  of  other 
areas.  Planners,  whether  at  the  national,  regional,  or  local 
level,  could  profit  from  an  overview  of  the  distribution  and 
severity  of  problems  and  the  various  responses  that  managers 


are  taking  to  these  problems.  Researchers  could  find  potential 
study  areas  with  conditions  that  were  appropriate  for  their 
research  needs.  In  the  future,  it  would  be  possible  to  determine 
how  wilderness  problems  and  practices  have  changed  by  com- 
paring these  results  to  reassessments  of  the  situation. 

SURVEY  METHODS 

Questionnaires  were  sent  to  the  managers  of  all  NWPS  units 
in  the  system  in  1980.  (Sample  questionnaire  is  available  from 
the  Wilderness  Management  Research  Unit,  Forestry  Sciences 
Laboratory,  Missoula,  MT  59806.)  Areas  likely  to  be  added  to 
the  NWPS  in  the  next  few  years  were  included.  Therefore  we 
also  surveyed  primitive  areas  administered  by  the  FS  and  BLM, 
and  areas  administered  by  the  NPS  and  FWS  for  which  wilder- 
ness proposals  were  currently  before  Congress.  Other  potential 
additions,  such  as  RARE  II  areas  and  many  areas  that  have 
been  designated  since  the  survey  in  1980,  were  not  included. 

For  the  FS  units,  each  forest  managing  a  portion  of  the  area 
received  a  questionnaire.  Thus  40  FS  units  are  represented  by 
two  or  more  questionnaires.  This  was  done  because  use  data 
and  other  statistics  are  often  collected  at  the  forest  level  and 
because  problems  and  management  responses  also  vary  between 
forests.  This  inflation  of  the  number  of  FS  units  should  be  kept 
in  mind.  The  308  units  included  in  this  survey  represent  269 
wilderness,  proposed  wilderness,  or  primitive  area  units. 

We  obtained  some  data  from  all  269  areas  surveyed.  How- 
ever, for  several  of  the  FS  areas  we  did  not  receive  question- 
naires from  all  managing  forests,  and  for  one  NPS  area  we 
only  obtained  selected  information  over  the  telephone.  Never- 
theless, answering  the  questionnaire  required  a  considerable 
amount  of  data  compilation  and  thought;  the  commitment  of 
the  managers  to  this  survey  is  appreciated.  Many  of  our  ques- 
tions asked  for  managers'  perceptions;  such  perceptions  may 
vary  between  managers  in  any  given  area. 


This  report  is  a  compendium  of  the  broad  range  of  topics  in- 
cluded in  the  survey.  Results  are  mainly  reported  in  tabular  form, 
with  brief  discussion.  Generally,  cross  tabulations  were  confined 
to  major  variables  of  interest  including  the  agency  administering 
the  area,  status  of  the  area  (wilderness,  proposed  wilderness,  or 
primitive  area),  and  region.  Regional  boundaries  are  shown  in 
figure  2  in  theappendix(  p. 17). 

Appendix  A  includes  a  tabular  summary,  by  area,  of  the  survey. 
The  summary  shows  which  areas  responded  similarly  to  each  ques- 
tion. Thus  it  is  possible  to  identify  all  areas  that  ration  use,  report 
problems  with  wildlife,  and  so  forth.  One  can  also  examine  all  data 
for  any  area  of  particular  interest.  The  units  are  organized  by 
agency,  status,  and  within  these  categories  by  region.  Though 
somewhat  cumbersome,  the  summary  presents  current  conditions 
within  the  system  and  provides  an  opportunity  for  further 
analyses. 

USE  CHARACTERISTICS 

Though  the  National  Wilderness  Preservation  System  was 
founded  to  serve  a  variety  of  purposes  (preservation  of  natural 
ecosystems,  scientific  and  research  values,  esthetic  values,  and 
others),  recreation  provides,  if  not  the  most  important,  at  least 
the  most  evident  and  easily  measured  "output."  One  purpose 
of  this  study  was  to  assess  the  extent  and  character  of  recrea- 
tional use  and  problems  it  may  have  created. 

Because  use-measurement  units  differed  (12-hour  visitor-days, 
visits,  overnight  stays,  and  miscellaneous  other  units),  all  measures 
were  roughly  converted  to  visitor-days  by  means  of  the  following 
formulas: 

(a)  visits 

RVD  =  (V  -  VD)  2L  +  0.3  VD 

(b)  overnight  stays 

RVD  =  2N  +  0.3(N/L)[D/(1-D)] 
where: 

RVD  =  number  of  12-hour  visitor-days 

V  =  number  of  visits 

D  =  decimal  proportion  of  visits  that  is  day-use 

L  =  average  length  of  stay  for  campers  in  nights 

N  =  number  of  overnight  stays 

The  units  surveyed  total  more  than  45  million  acres  and 
received  almost  12  million  visitor-days  of  recreational  use 
(table  1).  Since  the  survey,  acreage  in  the  NWPS  has  increased 
to  almost  80  million  acres,  largely  through  the  addition  of  lands 
in  Alaska.  This  use  is  not  evenly  distributed.  Designated  wilder- 
ness comprises  about  42  percent  of  the  acreage,  but  receives 
76  percent  of  the  use  (table  2).  Proposed  areas  are  under- 
represented  in  use,  and  primitive  areas  are  proportionately 
represented.  Similarly,  FS  units  comprise  39  percent  of  the 
acreage,  but  receive  71  percent  of  the  use;  NPS,  FWS,  and 
BLM  units  are  underrepresented. 


Table  1.— Status   of   the   National   Wilderness   Preservation   System   and   likely 
additions  in  1978 


Number  of 

areas 

Thousands  of 

acres1 

Thousands  of  visitor-days2 

National 

Fish  and 

Bureau 

Forest 

Park 

Wildlife 

of  Land 

Area  status 

Service 

Service 

Service 

Management 

Total 

142 

25 

52 

0 

219 

Wilderness 

15,067 

3,016 

773 

0 

18,856 

7,839 

1,067 

150 

0 

9,056 

0 

24 

33 

0 

57 

Proposed  wilderness 

0 

16,439 

7,154 

0 

23,593 

0 

1,998 

129 

0 

2.127 

21 

0 

0 

11 

32 

Primitive  area 

2,630 

0 

0 

234 

2.864 

653 

0 

0 

51 

704 

163 

49 

85 

11 

308 

Total 

17,697 

19,455 

7,927 

234 

45,313 

8,492 

3,065 

279 

51 

11,887 

Acres  for  most  areas  were  rounded  to  the  nearest  thousand;  areas  less  than  1,000  acres 
were  rounded  to  the  nearest  10 

Because  NPS  reported  use  for  some  units  in  visits  or  overnight  stays,  these  were  con- 
verted to  12-hour  visitor-days,  using  the  proportion  of  users  that  are  day-users,  the  length  of 
stay  for  overnight -users,  and  presuming  that  day-use  visits  are  0  3  visitor-day  in  duration 


Table  2.— Comparison  of  recreational  use  and  acreage 


Percents  of: 

total  acres 

total  visitor-days 


Area  status 


National     Fish  and  Bureau 

Forest         Park         Wildlife  of  Land 

Service      Service       Service      Management       Total 


Wilderness 


Proposed  wilderness 


Primitive  areas 


Total 


33.3 

6.7 

17 

0 

41.6 

65.9 

8  9 

1.2 

0 

76.1 

0 

36.3 

15.8 

0 

52.1 

0 

16.8 

1.0 

0 

17.9 

58 

0 

0 

0.5 

6.3 

55 

0 

0 

4 

59 

39  1 

42.9 

17.5 

05 

100.0 

71  4 

25.8 

23 

.4 

100.0 

Because  this  study's  main  concern  is  with  management  of 
recreational  use,  FWS  units  receiving  little  or  no  use  will  not  be 
considered  further.  Only  29  of  the  85  refuges  studied  have 
more  than  500  visitor-days  of  use  per  year.  These  29  will  be  the 
only  FWS  units  included  in  the  rest  of  this  report. 

Use  by  area  is  unevenly  distributed.  Figure  1  shows  that 
80  percent  of  the  visitor-days  occur  in  units  that  comprise  only 
20  percent  of  the  total  acreage.  Furthermore,  use  within  areas  is 
also  highly  concentrated  (Hendee  and  others  1978),  although 
we  did  not  deal  with  this  topic  in  the  questionnaire. 


CUMULATIVE  ACRES  (PERCENT) 

Figure  1. — Recreational  use  concentration  in  the 
National  Wilderness  Preservation  System. 

Use  distribution  through  the  year  is  also  uneven.  For  the  na- 
tion as  a  whole,  more  than  50  percent  of  the  use  occurs  during 
summer  (June  through  August).  Forest  Service  units  generally 
receive  a  larger  proportion  of  their  use  in  the  summer  and  fall 
months  than  areas  administered  by  the  other  agencies.  As 
would  be  expected,  seasonal  use  patterns  vary  between  different 
regions  of  the  country  and,  for  every  month  of  the  year,  there 
are  some  units  that  receive  at  least  10  percent  of  their  annual 
use  during  that  month. 

Table  3  compares  per-acre  and  per-t rail-mile  use  densities  in 
areas  administered  by  the  different  agencies  and  in  different 
statuses.  Per-acre  densities  are  highest  in  FS  units,  particularly 
in  designated  wilderness,  and  are  lowest  in  FWS  units  and  areas 
of  proposed  wilderness.  Per-trail-mile  densities  are  highest  in 
FWS  units  and  in  designated  wilderness;  they  are  lowest  in 
BLM  units  and  primitive  areas. 


These  contrasting  interpretations  of  use  density  result  from 
pronounced  differences  in  the  degree  of  trail  development. 
Forest  Service  units  are  heavily  trailed;  they  comprise  39  per- 
cent of  the  acres,  but  contain  72  percent  of  the  total  trail  miles. 
In  contrast,  FWS  units  have  17  percent  of  the  acres,  but  only 
2  percent  of  the  trail  miles.  National  Park  Service  units  have 
43  percent  of  the  acres  and  25  percent  of  the  trail  miles. 
Although  the  use  of  NPS  and  FWS  units  is  less  dense  than  that 
occuiring  in  FS  units,  it  is  spread  over  a  much  smaller  trail  net. 
This  would  suggest  that  the  potential  for  crowding  on  trails  is 
greatest  in  the  FWS  and,  to  a  lessei  extent,  the  NPS  units. 

Table  3.— Use  densities  by  acre  and  mile  ol  trail 


Visitor-days  per  acre  per  year 
Visitor  days  per  mile  of  trail  per  year 


Status 


National      Fish  and  Bureau 

Forest         Park         Wildlife  of  Land 

Service      Service       Service      Management       Total 


Wilderness 

0  52 
434 

0.35 
825 

019 
1.086 

- 

048 
464 

Proposed  wilderness 

— 

0.12 

324 

002 
341 

— 

0  09 
326 

Primitive  areas 

025 
185 

- 

- 

022 

97 

0.25 
174 

Total 

048 

0.16 

0.04 

0.22 

0  26 

394 

411 

541 

97 

395 

For  the  N  WPS  as  a  whole,  almost  one-half  of  the  parties  are 
day-users,  and  the  average  length  of  stay  for  camping  parties  is 
3.0  days  (table  4).  National  Park  Service  and  FWS  units  differ 
from  FS  and  BLM  areas  by  having  a  greater  proportion  of 
day-use  and  a  shorter  length  of  stay  for  those  that  do  stay 
overnight  in  the  wilderness  or  backcountry.  Higher  day-use  and 
shorter  stays  also  contrast  the  East  from  the  West. 

Eleven  percent  of  the  parties  using  the  N WPS  take  pack- 
stock.  Use  of  packstock  is  highly  concentrated  in  FS  and  BLM 
units  in  the  Rocky  Mountain  and  Pacific  States. 

Outdoor  education  programs,  such  as  Outward  Bound  and 
the  National  Outdoor  Leadership  School,  contribute  a  relatively 
minor  portion  of  use,  though  in  Hawaii  and  Alaska  these 
groups  comprise  8  percent  of  the  parties. 

The  use  of  outfitters  and  guides  is  also  fairly  minor  for  the 
system  as  a  whole,  and  is  almost  nonexistent  in  the  refuges. 
Outfitter  use  is  most  prevalent  in  BLM  and  FS  units,  particu- 
larly in  the  Rocky  Mountain  States. 

Hunters  make  up  a  significant  group  (17  percent  of  all  par- 
ties), except  in  the  National  Park  units  where  hunting  is  gener- 
ally prohibited.  Over  one-quarter  of  the  parties  in  units  in  the 
Midwest  and  Alaska  are  hunters. 


Table  4.— Use  composition  in  the  National  Wilderness  Preservation  System 


Agency  and  region 


Average  of 

parties  that 

are  day-users 


Average  length 

of  stay  for 
camping  parties 


Average 

of  parties 

using  stock 


Average  of  parties 

associated  with 

Outward  Bound 

or  similar 

organizations 


Average  of 

parties  using 

guides  or 

outfitters 


Average  of 
parties  thai 
are  hunters 


Percent 


Days 


Agency 

Forest  Service 

37 

3.2 

15 

National  Park  Service 

62 

2.5 

3 

Fish  and  Wildlife  Service1 

83 

28 

1 

Bureau  of  Land  Management 

44 

3.2 

20 

Region 

Northeast 

63 

22 

0 

Midwest 

71 

25 

1 

Southeast 

75 

2.3 

3 

Rocky  Mountain 

45 

3.0 

18 

Pacific 

35 

32 

8 

Alaska  and  Hawaii 

37 

49 

3 

All  units 

47 

30 

11 

3 

8 

17 

3 

5 

0 

2 

1 

20 

3 

11 

22 

2 

0 

24 

4 

1 

27 

1 

3 

14 

3 

9 

20 

2 

5 

11 

8 

4 

31 

3 

7 

17 

Includes  only  refuges  with  more  than  500  visitor-days  of  use  per  year 


SOCIAL  IMPACTS 

Crowding,  at  least  as  perceived  by  managers,  is  a  problem 
confronting  less  than  half  of  the  areas,  and  only  10  percent  of 
the  area  managers  see  it  as  a  problem  in  many  places  (table  5). 
Crowding  problems  appear  to  be  most  common  and  severe  in 
FS  units  where  per-acre  densities  are  highest.  Managers  of 
wilderness  also  report  more  problems  with  crowding  than 
managers  of  proposed  or  primitive  areas.  Regionally,  crowding 
appears  to  be  most  prevalent  in  the  Northeast. 

Table  5.— Crowding  of  recreation  use  as  a  problem  (246  areas  responding) 


Crowding  seen  as: 

Not  a 

A  problem 

A  problem 

Item 

problem 

a  few  places 

many  places 

Agency 

Forest  Service 

45 

42 

13 

National  Park  Service 

63 

35 

2 

Fish  and  Wildlife  Service 

73 

19 

6 

Bureau  of  Land  Management 

12 

27 

0 

Area  status 

Wilderness 

51 

«-: 

11 

Proposed  wilderness 

S3 

J1 

»■ 

Primitive  area 

S9 

14 

'. 

Region 

Northeast 

<H 

38 

.""■ 

Midwest 

r,/ 

i3 

0 

Southeast 

r.n 

■in 

n 

Rocky  Mountain 

56 

32 

12 

Pacific 

■14 

45 

11 

Alaska  and  Hawaii 

h< 

37 

0 

All  areas 

r>' 

1.' 

10 

A  second  problem  is  conflicts  between  different  types  of 
recreational  users,  such  as  between  hikers  and  horse  users,  or 
river  rafters  and  jet  boaters.  Only  29  percent  of  the  areas  report 


a  problem,  and  problems  are  widespread  in  only  2  percent  of 
the  areas.  Problems  are  more  common  in  FS  units  than 
elsewhere. 

Finally,  managers  were  asked  about  two  types  of  law  viola- 
tions: (1)  trailhead  vandalism  and  theft  from  cars  and  (2)  theft 
of  food  or  equipment  within  the  area.  Thefts  occurring  within 
the  area  are  quite  rare;  only  3  percent  of  the  areas  report  this 
as  a  problem.  Trailhead  break-ins,  however,  are  a  problem  in 
27  percent  of  the  areas.  They  are  most  prevalent  in  FS  and 
NPS  areas  and  in  the  Northeast,  Midwest,  and  the  Pacific 
States,  especially  California,  where  38  percent  of  the  areas  have 
experienced  theft  and  vandalism. 

BIOPHYSICAL  IMPACTS 

Recreational  impacts  on  the  biophysical  resources  of  wilder- 
ness are  a  worrisome  problem  to  managers  charged  with  the 
responsibility  of  maintaining  natural  conditions.  Problems  in- 
clude changes  in  vegetation  and  soil  characteristics,  wildlife  im- 
pacts, water  pollution,  litter,  and  improperly  disposed  of 
human  wastes.  Managers  were  asked  if  each  of  these  types  of 
impact  was  a  problem  and,  if  so,  whether  the  problem  occurred 
in  a  few  or  in  many  places.  For  vegetation  and  soil  changes,  we 
differentiated  those  caused  by  humans  from  those  caused  by 
packstock  and  compared  the  frequency  of  problems  along  trails 
with  problems  in  campsites  and  along  lakeshores.  Wildlife  im- 
pacts are  arranged  by  type  of  animal,  but  we  did  not  distin- 
guish between  areas  with  highly  localized  problems  and  areas 
with  widespread  problems. 

Vegetation  changes  caused  by  human  use  are  common,  par- 
ticularly on  campsites,  where  71  percent  of  the  area  managers 


eport  problems  (table  6).  Impacts  around  lakeshores  are  also 
requent.  Vegetation  change  is  much  less  prevalent  along  trails 
han  elsewhere,  but  is  at  least  a  localized  problem  in  44  percent 
if  the  areas.  Interestingly,  problems  with  vegetation  impacts 
xe  more  common  and  widespread  than  the  crowding  problems 
liscussed  previously. 

able  6.— Human  impacts  on  vegetation 

Percent  of  areas  that  see  this  as: 


Table  7.— Packstock  impacts  on  vegetation 


Not  a 
problem 


A  problem 
a  few  places 


A  problem 
many  places 


Number 
responding 


rails 

Campsites 

akeshores 


IS 
44 

4L- 


9 
27 
18 


2SA 
228 
218 


Percent  of  areas  having  "a  problem  in  many  places" 
at  either  trail,  campsite,  or  lakeshore  locations 


Agency 

orest  Service 
lational  Park  Service 
ish  and  Wildlife  Service 
lureau  of  Land  Management 


34 

25 
7 
18 


Region 

Northeast 

Midiw  i 

Southeast 

Rocky  Mountain 

Pacific 

Alaska  and  Hawaii 


25 

7 
20 
iO 

18 


Managers  of  over  one-quarter  of  the  areas  in  the  FS  and  NPS 
consider  human  impacts  on  vegetation  to  be  a  problem  in  many 
places.  Vegetation  impacts  do  not  appear  to  be  a  problem  in 
areas  administered  by  the  FWS.  Problems  are  equally  common 
in  designated  wilderness,  proposed  wilderness,  and  primitive 
areas.  In  terms  of  regional  distribution,  they  are  most  common 
in  the  Pacific  and  Rocky  Mountain  States,  and  least  common 
in  the  Midwest. 

Results  of  human  impact  on  soil,  such  as  erosion,  compac- 
tion, and  bog  formation,  are  also  considered  a  problem  in  a 
majority  of  areas.  On  campsites  and  along  lakeshores,  they  are 
a  slightly  less  common  problem  than  vegetation  impacts.  On 
trails,  however,  they  are  much  more  common  and  widespread, 
occurring  in  61  percent  of  the  areas.  Human  impacts  on  soil 
are  most  pronounced  in  the  Northeast. 

Packstock  impacts  on  vegetation  are  relatively  minor 
(table  7).  Where  they  are  a  problem,  the  problems  are  usually 
localized.  On  the  other  hand,  one  should  keep  in  mind  that 
25  percent  of  the  areas  have  no  packstock  use  and,  therefore, 
no  problems.  Moreover,  use  by  parties  with  packstock  com- 
prises only  1 1  percent  of  the  average  area's  use.  As  with  human 
impact  problems,  packstock-caused  vegetation  change  is  most 
pronounced  on  campsites. 

Packstock  impacts  on  vegetation  are  most  pronounced  in  FS 
areas  and  are  virtually  absent  outside  of  the  Pacific  and  Rocky 
Mountain  States.  This  holds  true  for  packstock  impacts  on  soil 
as  well. 


Percent  of  areas  thai  see  this  as: 


Not  a 

problem 


A  problem 
a  few  places 


A  problem 
many  places 


Number 
responding 


Trails 

Campsites 

Lakeshores 


71 
55 

r-,8 


24 
14 
28 


211 
207 
190 


Percent  of  areas  having  "a  problem  in  many  places" 
at  either  trail,  campsite,  o;  lakeshore  locations 


Agency 

Forest  Service 
National  Park  Service 
Fish  and  Wildlife  Service 
Bureau  ot  Land  Management 


Region 

Northeast 

Midwest 

Southeast 

Rocky  Mountain 

Pacific 

Alaska  and  Hawaii 


Little  research  has  been  conducted  on  the  impact  of  recrea- 
tion on  wildlife  (Ream  1980),  but  this  is  considered  a  problem 
in  some  areas  (table  8).  Perceived  effects  on  large  nonpredatory 
mammals  and  birds  are  most  common.  Such  effects  are  gener- 
ally most  common  in  the  NPS  areas,  although  impacts  on  birds 
occur  frequently  in  FWS  areas  and  impacts  on  large  mammals 
are  common  in  BLM  areas.  Regionally,  only  the  Midwest  has 
few  wildlife  impact  problems. 

Water  pollution  is  considered  to  be  a  problem  in  only  18  percent 
of  the  areas;  it  is  a  widespread  problem  in  only  2  percent  of  the 
areas.  It  is  more  commonly  considered  to  be  a  problem  in  FS  areas 
than  in  areas  administered  by  other  agencies,  and  is  also  more  fre- 
quently a  problem  in  designated  wilderness  than  in  proposed 
areas.  It  is  most  prevalent  in  the  Pacific  region.  Most  research  to 
date  suggests  that  recreation-caused  pollution  of  wilderness  waters 
currently  poses  little  threat  to  health. 

Problems  with  litter,  in  contrast  to  pollution,  occur  in 
62  percent  of  the  areas  (table  9).  Only  12  percent  of  the  areas 
report  that  it  is  a  problem  in  many  places,  however.  Litter  ap- 
pears to  be  a  more  troublesome  problem  in  FS  areas  than  in 
areas  administered  by  other  agencies. 

Improper  disposal  of  human  feces  is  a  problem  in  46  percent 
of  the  areas,  but  is  generally  not  a  problem  in  many  places 
within  individual  areas.  The  FS  appears  to  have  more  problems 
than  other  agencies.  The  feces  problem  is  also  more  prevalent 
in  western  areas  than  in  eastern  areas. 

Finally,  we  asked  managers  to  describe  their  most  significant 
problem.  The  problem  mentioned  most  often  was  local  re- 
source degradation  and  lack  of  solitude  as  a  result  of  concen- 
trated use.  Illegal  use  of  the  wilderness,  particularly  use  of 
motor  vehicles,  but  also  illegal  grazing  of  livestock  and  illegal 
outfitters,  was  also  frequently  mentioned.  All  other  problems 
were  mentioned  much  less  commonly.  Problems  mentioned  by 
five  or  more  managers  include  poor  camping  practices,  litter, 
livestock  grazing,  mineral  claims,  wildlife  conflicts,  and  prob- 
lems with  hunters  and  outfitters.  A  wide  variety  of  administra- 
tive problems,  including  lack  of  funding,  were  also  mentioned. 


Table  8.— Recreational  impacts  on  wildlife 


Percent  of  areas  indicating  impacts  on  the 
following  types  of  wildlife  are  a  problem: 


Small 

Large 

Predatory 

Marine 

Agency  and  region 

Fish 

Reptiles 

Birds 

mammals 

mammals 

mammals 

mammals 

Other 

Agency 

Forest  Service 

6 

1 

4 

2 

20 

4 

0 

2 

National  Park  Service 

4 

0 

29 

8 

31 

22 

4 

6 

Fish  and  Wildlife  Service 

0 

0 

45 

0 

14 

0 

0 

3 

Bureau  of  Land  Management 

9 

0 

9 

0 

36 

9 

0 

0 

Region 

Northeast 

0 

0 

38 

0 

25 

0 

0 

13 

Midwest 

0 

0 

3 

0 

7 

7 

0 

0 

Southeast 

3 

0 

37 

0 

3 

17 

3 

0 

Rocky  Mountain 

6 

0 

8 

1 

33 

5 

0 

3 

Pacific 

4 

1 

14 

7 

14 

7 

0 

1 

Alaska  and  Hawaii 

11 

0 

0 

11 

22 

22 

11 

11 

All  areas 

5 

1 

13 

3 

22 

8 

1 

3 

Table  9.— Problems  with  litter  (246  areas 

reporting) 

Though  this  mandate  applies  only  to  FS  wilderness,  wilder- 

Percent  of  areas  that  see  this  as: 


Not  a 

A  problem 

A  problem 

Agency  and  region 

problem 

a  few  places 

many  places 

Agency 

Forest  Service 

31 

55 

14 

National  Park  Service 

48 

39 

13 

Fish  and  Wildlife  Service 

52 

41 

7 

Bureau  of  Land  Management 

54 

46 

0 

Region 

Northeast 

25 

75 

0 

Midwest 

54 

39 

8 

Southeast 

i3 

47 

20 

Rocky  Mountain 

41 

46 

13 

Pacific 

31 

58 

11 

Alaska  and  Hawaii 

50 

50 

0 

All  areas 

38 

50 

12 

CARRYING  CAPACITY  EVALUATION 

Carrying  capacity  is  not  a  new  concern  in  wilderness  or  back- 
country  management,  but  there  is  increased  need  to  come  to 
grips  with  this  complex  problem  in  a  way  that  can  be  applied 
objectively  to  planning  and  management.  In  1980,  the  Forest 
Service's  regulations  for  applying  the  National  Forest  Manage- 
ment Act  specifies  that  wilderness  plans  will: 
Provide  for  limiting  and  distributing  visitor  use  of  specific 
portions  in  accord  with  periodic  estimates  of  the  maximum 
levels  of  use  that  allow  natural  processes  to  operate  freely 
and  that  do  not  impair  the  values  for  which  wilderness  areas 
were  created  (U.S.  Federal  Register  1979). 


ness  and  undesignated  backcountry  in  the  other  agencies  are 
also  facing  pressures  to  resolve  the  question  of  how  much  use  is 
appropriate.  We  asked  managers  how  far  they  have  gone  in 
determining  capacities  for  their  area. 

It  is  significant  that  almost  half  of  the  areas  have  not  begun 
to  come  to  grips  with  the  question  of  carrying  capacity 
(table  10).  The  NPS  has  made  the  most  progress;  21  percent  of 
the  areas  have  established  limits  in  all  travel  zones.  All  other 
agencies  have  a  considerable  amount  of  work  yet  to  be  done  on 
this  issue. 

Table  10.— Progress  in  assessing  carrying  capacity  (250  areas  responding) 


Percent  of  areas 

Status  of  capacity  assessment 

Forest 
Service 

National 

Park 
Service 

Fish  and           Bureau 
Wildlife          of  Land 
Service       Management 

All 
agencies 

Carrying  capacity  limits  have 
been  established  for  each 
travel  zone  (or  similar  sub- 
unit  and/or  for  the  whole  area)- 

9 

21 

10                       9 

12 

Carrying  capacity  limits  have 
been  established  for  some 
travel  zones  (or  similar  sub- 
units),  but  not  for  others 

Though  no  formal  limits  have 
been  established,  approximate 
capacity  limits  are  estimated 
for  the  more  heavily  used 
parts  of  the  wilderness- 

We  are  presently  unable  to 
estimate  capacity  for  any 
portions  of  the  wilderness 

Total 


Recognizing  that  often  capacity  is  a  matter  of  opinion,  man- 
agers of  all  areas  were  asked  how  current  use  fits  the  area's 
capacity.  Few  areas  (2  percent)  are  overused  throughout 
(table  11).  The  FS  areas  appear  to  have  the  most  chronic 
capacity  problems,  although  these  are  localized.  Chronic  "over- 
use" is  less  frequent  in  NPS  areas;  in  fact,  "overuse"  would 
seldom  occur  even  if  use  was  not  controlled.  This  is  a  surpris- 
ing conclusion  because  many  National  Parks  restrict  use.  (See 
section  on  management  techniques.)  FWS  and  BLM  areas  have 
the  fewest  capacity  problems;  more  than  half  of  each  group 
have  no  "overuse." 

fable  11. —Relationship  of  use  to  carrying  capacity  (assigned  or  estimated)  (249  areas  respond 


TaWe  12.— Solutions  to  overuse  problems,  including  responses  of  some  managers  without  overuse  problems 


rig, 


Percent  ot  areas 

Capacity-use  relationship 

Forest 
Service 

National 

Park 
Service 

Fish  and           Bureau 
Wildlite           of  Land 
Service       Management 

All 
agencies 

Jse  does  not  exceed  capacity 
n  any  part  of  this  area. 

27 

in 

59                      64 

33 

Jse  sometimes  exceeds  {or 
would  exceed  without 
controls)  capacity  in  some 
ocalized  portions  ot  this  area 


Jse  usually  (more  than  a  few 
imes  during  the  use  season) 
jxceeds  capacity  in  some 
ocahzed  portions,  but  other 
jarts  of  the  area  are 
jnderused 

.<c> 

1? 

7 

9 

27 

Jse  usually  exceeds  capacity 
or  most  parts  of  this  area 

3 

0 

3 

II 

2 

Total 

100 

100 

100 

100 

100 

For  those  areas  with  capacity  problems,  managers  were  asked 
to  compare  the  number  of  times  that  resource  "damage"  was 
the  limiting  factor  to  the  number  of  times  that  crowding  limited 
capacity.  Both  factors  were  important,  but  an  average  of 
53  percent  of  the  problems  were  attributed  to  crowding.  The 
situation  varies,  however.  The  seven  NPS  areas  reporting 
capacity  problems  attributed  an  average  of  75  percent  of  the 
problems  to  resource  damage. 

The  managers  with  "overuse"  problems  were  also  asked 
about  the  kinds  of  redistribution  or  curtailment  schemes  that 
would  bring  use  within  capacity.  Most  areas  with  use  problems 
(83  percent)  are  able  to  compensate  through  use  redistribution; 
more  than  two-thirds  indicated  that  either  local  redistribution 
or  redistribution  to  other  travel  zones,  while  still  leaving  some 
zones  with  little  or  no  use,  would  alleviate  their  overcapacity 
problems  (table  12). 

Managers  were  asked,  "Using  management  techniques  al- 
lowed by  policy,  do  you  think  it  would  be  possible  to  increase 
the  amount  of  use  that  your  wilderness  as  a  whole  receives  and 
still  meet  your  management  objectives  for  wilderness?"  Eighty- 
six  percent  of  the  managers  responded  that  they  could  increase 
use  by  an  average  of  87  percent.  All  1 1  BLM  areas  could 
receive  more  use  (135  percent  more).  In  comparison  to  FS  and 
FWS  areas,  more  NPS  areas  could  increase  use  (90  percent), 
and  the  average  increase  could  be  greater  (104  percent).  This  is 
consistent  with  the  parks'  tendency  to  have  less  difficulty  with 
use  exceeding  capacity  (table  11),  but  is  contrasted  to  their  pro- 
pensity to  ration  use  and  regulate  camping  more  highly  than 
other  agencies. 


Number  ot  areas 
(percent) 


Overuse  solution 


National      Fish  and  Bureau 

Forest  Park  Wildlife  ol  Land  All 

Senrlce       Service        Sen/Ice       Management      agencies 


Heavily  used  zones  could  be  (or  are)  kepi  within 
their  "capacity"  by  dispersing  or  controlling  use 
more  effectively  locally  (such  as  around  i  lake  or 
within  lake  basin)  Total  use  of  the  wilderness  is 
not  reduced 

Areas  in  the  wilderness  could  be  (or  aie)  kepi 
within  their  "capacity"  by  redistributing  use  from 
overused  zones  to  underused  zones  (such  as  lake 
basins,  etc  ).  while  still  leaving  some  zones  with 
little  or  no  use  in  the  wilderness  Total  use  of  the 
wilderness  is  not  reduced 

Areas  could  be  (or  are)  kept  wllhin  their  "capacity" 
by  distributing  use  relatively  evenly  throughout  the 
various  zones  ot  the  wilderness  (resulting  in  all 
zones  at  or  near  "capacity")  Total  use  ol  the 
wilderness  is  not  reduced 

Redistribution  ot  use  to  other  zones  within  the 
wilderness  cannot  keep  areas  within  then  capacity 
unless  use  ot  Ihe  wilderness  as  a  whole  Is  limited 
Total  use  ot  the  wilderness  Is  reduced 


MANAGEMENT  TECHNIQUES 

Managers  have  developed  many  techniques  for  avoiding  or 
mitigating  resource  impact  problems  and  maintaining  high- 
quality  user  experiences.  For  discussion  purposes,  these  tech- 
niques have  been  placed  in  one  of  four  categories,  according  to 
the  intended  purpose  of  the  technique.  First,  managers  can  re- 
quire permits,  ration  use,  or  Limit  length  of  stay  in  order  to 
place  a  limit  on  total  use.  Second,  they  can  attempt  to  alter  the 
distribution  of  visitors  by  providing  information  intended  to  en- 
courage use  dispersal  or  by  improving  or  impeding  access.  A 
third  strategy  is  to  influence  user  behavior  and  to  restrict  cer- 
tain types  of  use — Limiting  party  size,  restricting  packstock  and 
camping,  and  initiating  a  minimum  impact  educational  pro- 
gram. FinaLly,  the  physical  resource  itself  can  be  manipulated 
through  site  closures,  which  may  or  may  not  involve  assisted 
revegetation,  a  program  to  eliminate  campfire  rings,  and,  in 
some  cases,  site  hardening. 

Limiting  Use 

Most  areas  (80  percent)  do  not  ration  use  and  do  not  plan  to 
do  so  in  the  next  few  years  (table  13).  Where  use  rationing  has 
been  instituted,  it  usuaLly  applies  only  to  overnight-users;  day- 
use  is  seldom  restricted.  Five  areas  ration  just  one  type  of  use, 
usually  river  floating. 

The  NPS  rations  use  much  more  frequently  than  any  of  the 
other  agencies,  although  the  BLM  is  planning  to  start  rationing 
use  in  a  number  of  primitive  areas  in  the  next  few  years.  Ap- 
parently the  decision  to  ration  use  reflects  agency  policy  more 
than  the  extent  to  which  use  exceeds  carrying  capacity. 
Although  use  of  FS  areas  exceeds  capacity  more  often  than  use 
of  NPS  areas  (table  1 1 ),  the  NPS  is  more  likely  to  institute  ra- 
tioning. There  are  no  pronounced  regional  differences  in  the 
number  of  areas  that  ration  use. 


Of  the  areas  that  ration  or  are  planning  to  ration  use,  most 
issue  permits  for  campsites  or  travel  zones  (table  14).  Few  areas 
allow  unrestricted  use  of  a  wilderness  after  a  permit  is  ob- 
tained, although  quite  a  few  areas  allow  unrestricted  travel  once 
a  trailhead  is  selected.  The  NPS  is  most  likely  to  issue  permits 
for  campsites,  requiring  visitors  to  have  prepared  an  itinerary 
prior  to  entry. 


Table  15.— Mandatory  permits  (if  use  is  not  rationed)  (212  areas  responding) 


Agency  and  region 


Percent  ot  areas 


Yes  tor  Yes  to  Only  for 
overnight  enter  specific 
camping        area  users 


Tabto  13.— Use  rationing 


Number  (percent)  ot  areas  that: 


Ration       Ration  Just 
all  use     overnight  use 


Ration  specific         Plan  rationing  In     Have  no  plans 
users  (e.g.,  floaters)       next  few  years  to  ration 


National  Park  Service 


Fish  and  Wildlife  Service 


Bureau  ol  Land  Management 


1 

3 

(2) 

(6) 

0 

1 

(0) 

|4) 

0 

2 

(01 

[18) 

5 

1,1 

(2) 

(5) 

Table  14.— Location  lor  which  rationed  permits  are  issued 


Number  of  areas 


Permits 
required  frx: 


National      Fish  and  Bureau 

Forest         Park         Wildlife  of  Land  All 

Service      Service       Service       Management      agencies 


Campsite 
Travel  zone 
Trailhead 
Whole  wilderness 


Rationed  permits  are  usually  issued  on  a  first-come-first- 
served  basis,  by  reservations,  or  by  lottery.  Most  areas  issue 
part  of  their  permits  on  a  first-come-first-served  basis  and  part 
by  reservation;  only  about  35  percent  of  the  areas  issue  all  per- 
mits by  only  one  method.  Typically,  15  to  20  percent  of  the 
people  that  reserve  a  permit  fail  to  claim  and  use  it. 

Of  the  areas  that  do  not  ration,  more  than  one-half  do  not 
have  mandatory  permits  (table  15).  Where  permits  are  required, 
they  usually  are  required  of  all  users,  although  10  percent  of 
the  areas  only  require  permits  for  overnight  camping  and  4  per- 
cent require  permits  for  specific  types  of  users  only. 

Permits  are  required  most  frequently  by  the  NPS.  Only 
24  percent  of  the  NPS  areas,  as  opposed  to  more  than  50  per- 
cent of  the  areas  administered  by  other  agencies,  neither  require 
permits  nor  ration  use.  The  NPS  is  also  more  likely  to  require 
permits  for  ovemight-users  only. 

Regional  differences  are  also  pronounced.  Permits  are  sel- 
dom required  in  the  Midwest,  Southeast,  or  Rocky  Mountain 
States;  they  are  usually  required  in  the  Northeast  and  Pacific 
States. 

About  one-half  of  the  areas  (53  percent)  have  a  length-of- 
stay  limit.  Areas  administered  by  the  FWS  and  areas  located  in 
Northeast  and  Midwest  States  are  particularly  likely  to  have 
such  limits.  Limits  have  been  placed  on  the  number  of  nights  at 
a  campsite  ( 1 7  percent  of  the  areas)  and  on  number  of  nights  in 
the  entire  wilderness  (29  percent  of  the  areas).  For  both  camp- 
site and  area-wide  limits  the  statistical  median  and  mode  is 
14  days;  the  range  is  1  to  24  days  for  campsite  limits  and  1  to 
30  days  for  area-wide  limits. 


Agency 

Forest  Service 

National  Park  Service 

Fish  and  Wildlife  Service 

Bureau  of  Land  Management 
Region 

Northeast 

Midwest 

Southeast 

Rocky  Mountain 

Pacific 

Alaska  and  Hawaii 
All  areas 


56 

4 

36 

3 

100 

44 

41 

11 

4 

100 

76 

12 

4 

8 

100 

70 

10 

20 

0 

100 

33 

17 

33 

17 

100 

82 

0 

18 

0 

100 

76 

8 

12 

4 

100 

75 

7 

13 

4 

100 

17 

17 

66 

0 

100 

43 

14 

14 

29 

100 

58 

10 

28 

4 

100 

Distributing  Use 

Half  of  the  areas  attempt  to  disperse  visitors  more  equally 
within  the  wilderness  (table  16);  fewer  areas  attempt  to  disperse 
use  to  other  areas.  The  FS,  in  particular,  has  attempted  use 
redistribution,  particularly  in  Alaska,  Hawaii,  and  the  North- 
east, Rocky  Mountain,  and  Pacific  Coast  States.  The  vast  ma- 
jority of  areas  attempt  dispersal  by  contacting  visitors  when  a 
permit  is  issued.  Visitors  are  usually  told  of  crowded  places  and 
encouraged  to  go  elsewhere. 

Use  distribution  can  be  more  subtly  influenced  by  either  im- 
proving or  impeding  access  by  road  or  trail.  While  this  is  being 
done  in  quite  a  few  places  (tables  17  and  18),  most  areas  have  a 
"maintain  as  is"  policy  for  both  trails  and  trailhead  access 
roads.  Selective  upgrading  of  roads  and  road  closures  are  more 
common  than  either  construction  of  new  roads  or  reduced 
maintenance.  FS  areas  are  most  likely  to  upgrade  roads,  while 
NPS  areas  are  most  likely  to  close  roads. 

The  most  common  trail  policies  involve  building  new  trails 
and  upgrading  existing  trails,  along  with  designating  trailless 
zones  within  the  wilderness.  Reducing  maintenance  and  closing 
trails  are  much  less  common,  except  in  areas  administered  by 
the  BLM. 

Table  16.— Use  dispersal  (247  areas  responding) 


Percent  of  areas  thai  attempt 
to  disperse  use: 


Agency  and  region 


Within  area      To  other  areas 


Agency 

Forest  Service 

National  Park  Service 

Fish  and  Wildlife  Service 

Bureau  of  Land  Management 
Region 

Northeast 

Midwest 

Southeast 

Rocky  Mountain 

Pacific 

Alaska  and  Hawaii 
All  areas 


58 

34 

52 

15 

7 

0 

36 

0 

50 

43 

17 

10 

28 

13 

60 

26 

51 

29 

50 

20 

50 

24 

Table  17.— Access  road  policy 


Table  19.— Minimum  impact  education  (239  areas  responding) 


Percent  of  areas 

Road  policy 

Forest 
Service 

National 

Park 
Service 

Fish  and          Bureau 
Wildlife          of  Land 
Service      Management 

Alt 
agencies 

Build  new  roads 
Upgrade  roads 
Close  roads 
Reduce  maintenance 

9 
26 

IK 
6 

2 
10 
22 

6 

0                     18 
10                       0 
17                     27 

7                       9 

7 

20 
18 
6 

Table  18.— Trail  policy 

Percent  of  areas 

Trail  policy 

Forest 
Service 

National 

Park 
Service 

Fish  and          Bureau 
Wildlife           of  Land 
Service       Management 

All 

agencies 

Build  new  trails 
Upgrade  trails 
Close  trails 
Reduce  maintenance 
Designate 
trailless  zones 

25 

44 
8 

18 

33 

20 
33 
8 

ft 

41 

10                     27 
10                     36 
0                     18 
0                     18 

34                     45 

37 
8 

14 

15 

Percent  of  areas  offering: 


User  Behavior  and  Type  of  Use 

Many  areas  attempt  to  avoid  problems  by  teaching  visitors 
how  to  protect  the  wilderness  resource  or  by  regulating  the  type 
of  use  that  occurs  in  the  area.  Over  one-half  of  the  areas  have 
some  type  of  minimum  impact  educational  program  (table  19). 
FS  and  NPS  areas,  in  particular,  have  developed  such  pro- 
grams; only  one  FWS  area  has  a  program.  Educational  pro- 
grams are  also  much  more  common  in  the  Rocky  Mountain 
and  Pacific  Coast  States  than  elsewhere.  Several  of  the  earliest 
educational  programs  originated  in  these  regions,  and  it  may  be 
that  areas  in  other  regions  have  not  yet  had  time  or  the  incen- 
tive to  develop  such  a  program. 

Almost  one-half  of  all  areas  (48  percent)  place  a  limit  on  the 
size  of  parties.  This  regulation  is  most  common  in  FS 
areas  (58  percent)  and  least  common  in  FWS  areas  (10  percent). 
Party  size  limits,  where  instituted,  range  from  5  to  60  with  a 
median  of  15;  the  most  common  limit  is  25. 

Camping  restrictions  are  common  but  highly  variable;  only 
22  percent  of  the  areas  have  no  restrictions  or  guidance  (table 
20).  Another  24  percent  do  not  regulate  camping  but  ask  that 
people  camp  in  certain  locations.  The  most  common  advice  is 
to  camp  on  previously  used  sites  in  order  to  stop  the  spread  of 
impacts.  FS  areas,  however,  more  commonly  advise  people  to 
camp  on  previously  unused  sites.  This  apparently  is  an  attempt 
to  reduce  campsite  impacts  and  loss  of  solitude  by  distributing 
users  and  their  impacts  more  widely. 

Where  camping  regulations  exist,  it  is  common  to  prohibit 
camping  in  certain  locations,  most  commonly  close  to  water 
bodies.  Over  one-third  of  the  FS  areas  have  this  regulation. 
The  camping  setback  from  water  bodies  ranges  from  20  ft  to  as 
much  as  one-half  mile,  but  the  most  common  distance  is 
100  ft.  Similar  setbacks  from  trails  are  common  and  range 
from  10  ft  to  one-half  mile;  again  the  most  common  distance  is 
100  ft. 


Agency  and  region 


No  program      Map  or  brochure      Interpretive  program 


Agency 

Forest  Service 

National  Park  Service 

Fish  and  Wildlite  Service 

Bureau  of  Land  Management 
Region 

Northeast 

Midwest 

Southeast 

Rocky  Mountain 

Pacific 

Alaska  and  Hawaii 
All  areas 


40 
35 
95 
64 

100 
67 
52 

45 
33 
18 

1.0 


Ml 

hi 

5 

27 

0 

u 

411 
55 
i,i. 
63 
54 


30 
48 

27 

0 

17 
28 
27 

46 
26 

hi 


Table  20— Camping  policies 


Percent  ot  aieas 


National       Fish  and  Bureau 

Forest  Park  Wildlite  of  Land  All 

Service       Service        Service       Management      agencies 


No  regulations  AND/BUT 

No  guidance 

Encourage  using  previously  used  sites 

Encourage  using  previously  unused  siles 
Camp  anywhere  EXCEPT 

In  certain  ecosystems 

Close  lo  waler  bodies 

Close  to  trails 

Close  lo  olher  camps 

On  closed  camps 

In  closed  areas 
All  campsites  designated 

Throughout  wilderness 

Close  to  trails 

In  certain  areas 
No  overnight-use  allowed 


Prohibitions  on  camping  in  certain  ecosystem  types  are  less 
common,  except  in  the  NPS.  The  most  frequent  regulation  of 
this  type  prohibits  camping  in  meadows. 

The  most  severe  restrictions  require  that  visitors  camp  only 
on  designated  sites  throughout  the  entire  wilderness,  close  to 
trails,  or  in  other  specified  locations.  These  restrictions  are 
found  in  about  40  percent  of  the  NPS  areas  but  are  uncommon 
elsewhere.  Finally,  9  percent  of  the  areas  do  not  allow  over- 
night use.  Most  of  these  are  areas  administered  by  the  FWS  and, 
to  a  lesser  extent,  the  NPS. 

About  two-thirds  of  all  areas  place  no  restrictions  on  wood 
fires  (table  21).  FS  and  BLM  areas  seldom  restrict  fires, 
although  in  some  cases  they  may  be  discouraged;  NPS  and 
FWS  areas  usually  restrict  fires.  All  campfires  are  prohibited  in 
about  one-half  of  the  areas  administered  by  these  latter  two 
agencies. 

Although  packstock  use  is  prohibited  in  only  3  percent  of  all 
areas;  there  is  no  regular  stock  use  in  62  (25  percent)  of  the 
areas.  Where  packstock  use  does  occut ,  regulations  are  com- 
mon, except  in  areas  administered  by  the  FWS.  Restrictions  are 
most  common  in  NPS  areas;  only  10  percent  of  the  NPS  areas 
have  no  packstock  regulations  (table  22). 

The  most  common  regulations  limit  the  number  of  stock  and 
prohibit  use  near  water  bodies,  except  for  watering  or  when 
traveling.  Where  limits  have  been  imposed,  the  number  of 
stock  allowed  ranges  from  5  to  50,  with  20  the  most  common 
limit.  The  most  common  setback  from  water  bodies  is  200  ft. 

Most  other  stock  regulations  are  uncommon,  except  in  areas 
administered  by  the  NPS.  A  majority  of  NPS  areas  prohibit 


stock  use  on  selected  trails,  require  stock  to  carry  their  own 
feed,  and  prohibit  the  use  of  certain  restraining  methods,  usu- 
ally loose  herding,  picketing,  and  tying  horses  directly  to  trees. 
About  40  percent  of  the  NPS  areas  also  prohibit  the  tying  of 
horses  in  camps  and  require  the  use  of  specially  designated 
stock  camps.  Few  areas  have  instituted  seasonal  restrictions. 

Table  21. —Wood  fire  policy 


Percent  ol  areas 

Policy 

Forest 
Service 

National 

Park 
Service 

Fish  and           Bureau 
Wildlife            of  Land 
Service       Management 

All 
agencies 

No  regulations  AND/BUT 

No  guidance 

Fires  discouraged 
Fires  prohibited 

Everywhere 

Except  in  designated  places 

61 
20 

1 
6 

8 
lb 

43 
20 

24                     73 
0                     36 

59                       0 
3                       0 

47 
18 

lb 
8 

Site  Management 

Managers  have  also  closed  individual  campsites  or  larger 
areas  to  use  in  an  attempt  to  reduce  or  redistribute  resource  im- 
pacts. Closed  campsites  can  be  found  in  37  percent  of  the 
areas.  They  are  most  common  in  NPS  areas  (43  percent)  and 
least  common  in  FWS  areas  (17  percent).  The  most  common 
reason  for  closure  is  overuse  and  resource  damage;  closures 
around  lakeshores  are  also  common.  In  about  40  percent  of 
these  areas,  all  of  the  closures  are  temporary,  despite  consistent 
research  results  which  suggest  that  campsite  rest-rotation  is  not 
feasible  because  recovery  periods  are  so  lengthy  (Merriam  and 
others  1973). 

Area  closures  to  all  use  are  much  less  common.  They  occur 
in  only  1 1  percent  of  the  areas,  primarily  in  areas  administered 
by  the  NPS  and  FWS.  The  most  common  reason  for  closure  is 
a  conflict  between  recreationists  and  wildlife.  Most  of  these 
closures  are  permanent. 


Table  22.— Packstock  policies 


Number  of  areas 
(Percent  of  areas  with  regular  stock  use) 


Policy 


National 

Fish  and 

Bureau 

Forest 

Park 

Wildlife 

of  Land 

All 

Service 

Service 

Service 

Management 

agencies 

44 

3 

7 

4 

58 

(31) 

(10) 

(70) 

(44) 

(3D 

61 

17 

0 

2 

80 

(43) 

(57) 

(0) 

(22) 

(42) 

25 

22 

0 

0 

47 

(18) 

(73) 

(0) 

(0) 

(25) 

61 

4 

0 

1 

66 

(43) 

(13) 

(0) 

(11) 

(35) 

4 

4 

1 

0 

9 

(3) 

(13) 

(10) 

(0) 

(5) 

16 

12 

0 

1 

29 

(11) 

(40) 

(0) 

(11) 

(15) 

0 

11 

0 

0 

11 

(0) 

(37) 

(0) 

(0) 

(6) 

9 

4 

0 

0 

13 

(6) 

(13) 

(0) 

(0) 

(7) 

27 

27 

1 

1 

56 

(19) 

(90) 

(10) 

(11) 

(29) 

34 

17 

0 

0 

51 

(24) 

(57) 

(0) 

(0) 

(27) 

No  restrictions 

Limit  on  number  of  stock 

Prohibited  on  some  trails 

Prohibit  confinement  near  water 

Seasonally  prohibited 

Prohibited  in  camps 

Allowed  only  in  stock  camps 

Grazing  by  permit  only 

Must  carry  own  feed 

Restrictions  on  restraining  methods 
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Of  the  areas  that  do  have  campsite  closures,  only  16  percent 
have  a  program  to  actively  assist  the  revegetation  of  closed 
sites.  All  of  these  are  FS  or  NPS  units.  Other  areas,  however, 
may  eliminate  user-built  facilities  and  attempt  to  hide  evidence 
of  previous  use.  Currently  there  is  some  debate  about  how 
much  and  what  types  of  assisted  revegetation  are  appropriate  in 
wilderness,  but  given  the  lengthy  natural  recovery  periods  of 
most  impacted  campsites,  active  revegetation  programs  are 
likely  to  become  increasingly  important.  Where  revegetation 
programs  have  been  initiated,  transplanting  is  more  common 
than  seeding.  A  number  of  areas  also  scarify  the  soil  and  use 
fertilizers  and  organic  mulches. 

One  of  the  most  obvious  signs  of  human  use  on  campsites  is 
a  fire  ring.  Managers  have  frequently  tried  to  reduce  this  visual 
impact  by  removing  fire  rings.  Although  only  21  percent  of  the 
areas  make  no  attempt  to  remove  fire  rings  (table  23),  there  is 
little  consensus  about  appropriate  fire  ring  removal  policy,  even 
within  agencies.  The  FS  is  most  likely  to  either  remove  all  fire 
rings  or  to  remove  only  selected  "undesirable"  rings.  The  other 
agencies,  where  they  do  not  remove  all  rings,  are  most  likely  to 
leave  one  fire  ring  on  each  campsite. 

A  considerable  number  of  areas  also  "improve"  campsites. 
The  most  common  facilities  are  open-pit  toilets  (19  percent), 
enclosed  outhouses  (15  percent),  shelters  (12  percent),  con- 
structed fireplaces  (10  percent),  tables  (8  percent),  and  a 
potable  water  supply  (7  percent).  Surface  hardening  is  very  rare 
on  campsites  and,  except  for  corduroy  and  some  soil  cement,  is 
rare  on  trails.  In  general,  it  appears  that  site  hardening  has  not 
been  deemed  appropriate  or  necessary  in  most  areas. 

Table  23.— User-built  lire  ring  policy 

Percent  of  areas  lhal  permit  user  built  rings 


National       Fish  and  Bureau 

Forest  Park  Wildlife  of  Land 

Service       Service        Service       Management 


Remove  all  lire  rings 

29 

30 

17 

1M 

27 

Remove  all  rings  but  one  on  each  campsite 

16 

30 

." 

27 

19 

Remove  only  selected  "undesirable"  rings 

IS 

25 

0 

9 

31 

Don't  remove  lire  rings 

17 

15 

SB 

46 

21 

Effective  Management  Techniques 

The  majority  of  managers  thought  that  the  "most  effective" 
management  technique  was  personal  contact  with  the  visitor, 
leading  to  increased  use  dispersal  and  improved  camping 
techniques.  Many  indicated  that  a  permit  system,  brochures, 
and  maps  also  helped  achieve  these  ends.  Managers  of  more 
heavily  used  areas  commonly  mentioned  rationing  and  trailhead 
quotas,  restricting  campers  to  designated  camps,  closure  of 
fragile  areas  and  overused  campsites,  and  reducing  access  by 
restricting  parking  capacity,  making  trailhead  access  more  dif- 
ficult, or  reducing  trail  maintenance.  Campfire  prohibitions, 
restrictions  on  stock  use,  reductions  in  maximum  party  size, 
and  lakeshore  setbacks  were  also  considered  to  be  the  most  ef- 
fective management  technique  in  at  least  three  areas. 


PLANNING  AND  ADMINISTRATION 

Management  Plans 

How  wilderness  management  plans  are  written  differs  be- 
tween the  various  managing  agencies.  In  the  FS  and  FWS,  sep- 
arate wilderness  management  plans  have  generally  been  pre- 
pared although  the  National  Forest  Management  Act  recently 
stated  that  wilderness  plans  will  now  be  part  of  an  overall  Na- 
tional Forest  plan.  In  the  NPS,  wilderness  plans  are  usually  in- 
corporated into  management  plans  for  the  park  unit  as  a  whole 
(formerly  called  "master  plans").  FS  plans  are  usually  prepared 
by  the  administering  forest  staff,  or  in  some  cases,  by  special  plan- 
ning teams,  as  in  the  case  of  the  Alpine  Lakes  and  Hells  Canyon 
Wildernesses.  NPS  plans  are  usually  written  by  specialists 
from  the  Denver  Service  Center  with  local  park  staff  assistance. 

The  FS  is  considerably  ahead  of  the  other  agencies  in  having 
plans  either  completed  or  in  preparation;  only  7  percent  of  the 
FS  areas  have  not  started  or  completed  a  plan  (table  24).  In 
contrast,  almost  one-half  of  the  refuges  have  not  started  as  yet, 
though  this  may  be  accounted  for  by  the  fact  that  general 
management  of  the  refuge  may  dictate  much  of  the  manage- 
ment direction  in  the  wilderness  portions. 

Table  24.— Status  ot  wilderness  plans  (including  all  refuges  that  responded,  regardless  of 
recreational  use) 


Number  of  areas 

(percent) 

National 

Fish  and           Bureau 

Forest 

Park 

Wildlife           of  Land 

All 

Status  of  plans 

Service 

Service 

Service       Management 

agencies 

Have  a  plan 

79 
(48) 

17 

(35) 

10                     5 
(22)                  (46) 

m 
Hi) 

Plans  being  prepared 

73 

(45) 

15 

130) 

14                         4 
(30)                   (36) 

106 

(40) 

No  plan  being  prepared 

n 
17) 

17 

(35) 

22                      2 

(48)                   (18) 

52 

(19) 

Total 

163 

49 

46                    11 

269 

(100) 

(100) 

(100)                 (100) 

(100) 

Wildfire  Management 

Reestablishing  natural  fire  in  wilderness  is  a  fairly  recent 
development.  On  the  whole,  less  than  one-half  (46  percent)  of 
the  NWPS  and  likely  additions  are  applying  a  natural  fire 
policy  (table  25).  The  FS  and  NPS  are  most  likely  to  do  so;  the 
BLM  primitive  areas  are  least  likely  to  do  so. 

Scheduled  prescribed  burning,  whereby  fire  is  purposely 
ignited  by  management  to  either  reduce  fuels  or  manipulate 
ecological  communities,  is  less  often  applied  (8  percent  of  all 
areas).  The  FWS  and  NPS  are  much  more  likely  to  do  this 
than  the  other  agencies.  Fire  plans  are  not  widespread  either; 
only  about  one-quarter  of  the  areas  have  them. 
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TaWe  25.— Restoring  Ihe  natural  role  of  fire  and  scheduled  prescribed  burning 


Number  of  areas 
(percent  of  all  areas) 

Status 

Forest 
Service 

National      Fish  and           Bureau 
Park          Wildlife           of  Land 
Service        Service       Management 

All 
agencies 

Have  restored  (or  will  soon) 
natural  role  of  fire 

Are  using  scheduled 
prescribed  burning 

Have  a  fire  plan 

81 
(50) 

2 
(1) 

28 

117) 

23                 18                       3 
(49)               (37)                   (27) 

9                 10                      0 
(18)               (20)                    (0) 

17                 20                      4 
(36)               (41)                   (36) 

125 

(46) 

21 

(8) 

69 
(26) 

Personnel  Requirements 

Our  intention  was  to  find  out  how  large  a  staff  was  required 
to  manage  each  area  during  the  main  use  season,  both  inside 
the  area  and  at  the  trailheads.  The  results  reported  may  or 
may  not  include  trail  crews  (as  this  was  not  specified  in  the 
questionnaire). 

Because  the  areas  vary  greatly  in  size,  trail  net,  and  recrea- 
tional use,  comparisons  based  on  these  variables  seem  useful 
(table  26)  The  acres  per  employee  vary  considerably  between 
agencies,  suggesting  that  this  is  a  poor  indicator  of  staff  cover- 
age. For  example,  Glacier  Bay  National  Monument  has 
2.25  million  acres  of  proposed  wilderness  covered  by  four  field 
personnel;  at  least  90  percent  of  this  area,  however,  is  virtually 
inaccessible,  virtually  unused,  and  not  patrolled.  Comparisons 
of  miles  of  trail  and  visitor-days  per  employee  seem  more  use- 
ful. Even  these  exhibit  substantial  variability,  with  the  greatest 
trail  coverage  in  the  BLM  areas  and  the  least  in  the  FWS  areas 
where  trail  nets  are  small  and  relatively  unimportant.  Visitor- 
days  per  employee  are  much  higher  in  the  FS  areas  than  in 
areas  administered  by  other  agencies. 

Table  26.— Wilderness  management  personnel  (areas  with  designated  wilderness  management  personnel) 

Median  number  ol  acres,  miles  of  trail,  or  visitor  -days 


Coverage  of  Held 

personnel  by 


National      Fish  and  Bureau 

Forest  Park  wildlife  of  Land  All 

Service       Service        Service       Management      agencies 


Acres 
(Number  of  acres  divided  by 
number  of  field  personnel) 

Miles  ol  trail 
(Number  of  miles  of  trail 
divided  by  number  of  field 
personnel) 

Visitor  -days 
(Number  of  annual  visitor- 
days  divided  by  number  of 
field  personnel) 


22.300        39.500  2.250  16.750  22.994 


29  16  1 


60  26 


LEGACIES  OF  LEGISLATION 

Although  the  NWPS  was  established  primarily  for  purposes 
of  preservation, scientific  values,  and  wilderness  recreation,  the 
original  and  subsequent  legislation  designating  wilderness  ex- 
panded these  purposes  substantially  and  complicated  wilderness 
management  considerably  by  specifying  additional  uses  that 
could  be  allowed.  Additionally,  the  boundaries  for  areas  that 
Congress  outlined  have  in  many  cases  had  inadvertent  effects 
on  management.  The  extent  of  "allowable  but  nonconforming 
uses"  and  boundary  related  problems  comprise  an  important 
dimension  of  wilderness  management  that  deserves  attention. 

Boundary  Problems 

Almost  one-half  of  all  areas  (42  percent)  indicate  that  the 
established  boundaries  had  led  to  problems.  Boundary  problems 
were  most  common  in  FS  areas  (46  percent)  and  least  common 
in  FWS  areas  (28  percent). 

The  situations  and  resulting  problems  are  varied.  Some  are 
legal  problems  of  definition,  such  as  conflicts  with  State  jurisdic- 
tion in  the  case  of  the  San  Juan  Islands  National  Wildlife  Refuge 
(where  small  islands  designated  as  wilderness  are  delineated  by 
the  mean  high-tide  line).  In  a  number  of  cases  (8  percent),  the 
boundaries  were  indefinitely  defined  by  Congress  on  small  scale 
maps. 

Nontopographic  boundaries  were  the  most  frequently  men- 
tioned problem  (22  percent).  In  some  instances,  boundaries  not 
related  to  topography  complicate  surveying  and  locating  bound- 
aries. Extensive  posting  is  required  to  prevent  unwitting  intru- 
sions by  inappropriate  activities.  In  other  areas,  established 
boundaries  bisect  lakes  or  old  roads  are  included  in  the  wilder- 
ness. Elsewhere,  the  existing  trail  net  does  not  fit;  trails  frequent 
ly  wander  in  and  out  of  the  wilderness. 

Extensive  and  significant  problems  also  result  from  the  inclu- 
sion of  areas  with  heavy  use  of  a  non wilderness  character.  In 
these  areas  the  manager  is  faced  with  either  accepting  the  situa- 
tion or  resorting  to  costly  use  controls  to  alter  these  traditional 
use  patterns.  A  prime  example  is  the  Marion  Lake  area  in  the 
Mt.  Jefferson  Wilderness,  which  receives  crowds  of  day-users, 
many  bringing  in  wheelbarrows  full  of  fishing  gear  and  beer  on 
the  short  and  easy  trail. 

Finally,  many  managers  mentioned  the  lack  of  buffering, 
resulting  in  noise  and  visual  intrusions,  and  pollution  and  tres- 
pass problems.  In  one  case,  locating  the  boundary  next  to  a 
major  highway  results  in  wilderness  impacts  from  highway  main- 
tenance as  well  as  intrusions  by  highway  motorists. 


9.420  2,300  3,510  4,600  7.900 
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Other  Uses  of  Wilderness 

The  Wilderness  Act  specifically  provided  for  a  variety  of  uses 
of  wilderness  in  addition  to  "recreation  of  a  primitive  and  un- 
confined  nature."  These  "nonconforming  uses"  include  such  ac- 
tivities as  mining,  livestock  grazing,  and  previously  established 
motorized  vehicle  use  and  aircraft  landing.  In  some  wildernesses 
there  is  "overlaid"  legislation  (such  as  designation  of  National 
Scenic  Trails  or  Wild  Rivers),  or  administrative  designations  by 
the  agencies  (such  as  Research  Natural  Areas).  All  of  these  affect 
wilderness  management  to  varying  degrees. 


Managers  were  asked  to  report  whether  these  uses  exist  in  their 
area  and  the  extent  to  which  they  contribute  to  a  problem.  They 
were  also  asked  similar  questions  about  a  variety  of  facilities  and 
equipment  in  their  area,  ranging  from  cabins  to  research  installa- 
tions. Table  27  reports  these  for  agencies  only  in  designated 
wildernesses. 

There  are  significant  differences  between  the  three  agencies  ad- 
ministering wilderness  with  respect  both  to  the  extensiveness  of 
these  other  uses  and  also  the  extent  that  they  are  considered 
problems.  These  uses  are  almost  all  less  common  in  the  refuges 
than  the  other  units;  the  major  exception  is  motorboat  use, 


Table  27.— Other  uses,  facilities,  and  special  conditions  found  in  the  National  Wilderness  Preservation  System  (184  areas  responding) 

Percent  of  wildernesses  where 
situation  exists  and: 

—is  not  a  problem  (NP) 
—  is  a  problem  (P) 


Use,  facility,  or  condition 


National       Fish  and 
Forest  Park  Wildlife  All 

Service         Service         Service        agencies 


NP      P         NP      P         NP      P         NP      P 


1-  Livestock  grazing 

2  Private  mholdings  engaged  in  commercial  agriculture  or  livestock  operations 

3  Private  inholdings  used  for  private  recreation  enterprise  (resorts,  backcountry 
camps,  etc.) 

4.  Private  inholdings  used  for  personal  subsistence  or  personal  recreation 

5  Cabins  or  other  existing  structures  (other  than  those  retained  for  historic 
value) 

6.  Mineral  and  fossil  fuel  claims  and  developments 

7.  Historical  or  archeological  sites  on  national  registers 

8.  Historical  or  archeological  sites  not  on  national  registers 

9.  Motorized  boat  use  allowed  as  a  preexisting  condition 

10-  Motorized  ground  vehicle  use  allowed  as  a  preexisting  condition 

11  Fixed-wing  aircraft  landing  fields  on  Federal  land  open  for  public  use 

12.  Fixed-wing  aircraft  landing  fields  on  private  inholdings 

13.  Fixed-wing  aircraft  landing  fields  for  administrative  use  only 

14  Constructed  heliports 

15  Water  impoundments 

16.  Fish-stocking  within  the  wilderness 

17.  Snow  or  watercourse  survey  equipment  — telemetry-operated 

18.  Snow  or  watercourse  survey  equipment— manually-operated 

19.  Electronic  transmission  facilities  (microwave,  powerlines.  etc.,  other  than 
for  administrative  communication) 

20.  Ongoing  research  projects 

21.  Research  installations 

22.  Research  Natural  Areas  within  the  wilderness 

23.  National  Scenic  Trails  within  the  wilderness 

24.  Wild  Rivers  within  or  adjacent  to  the  wilderness 


39       13         12         4  8         2        32       10 

9         1  0       12  4         2  7         3 
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4 

4 

4 

2 

0 

6 

4 

17 

3 

12 

4 

2 

2 

15 

3 

45 

6 

24 

16 

6 

2 

39 

7 

34 

11 

12 

0 

0 

0 

28 

9 

12 

1 
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4 

3 

0 

16 

1 

4  3 

7 

64 

8 

29 

0 

46 

7 
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0 

2 

3 

1 

3 

1 

4 

0 

0 

0 

3 

1 

2 

0 

0 

0 

0 

0 

2 

0 

1b 

0 

11 

0 

0 

0 

14 

0 

25 

4 

(2 

8 

22 

2 

26 

5 

53 

4 

8 

0 

2 

0 

42 

3 

5 

0 

8 

0 

2 

0 

6 

0 

19 

1 

12 

0 

4 

0 

17 

1 

4 

0 

20 

4 

8 

0 

6 

1 

30 

2 

64 

4 

28 

0 

34 

2 

4 

1 

20 

0 

4 

0 

6 

1 

6 
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0 

15 

r-) 

8 

0 

0 

0 

13 

7 

11 

1 

B 

0 

1) 

0 

H 

1 

13 


which  is  most  frequent  in  the  refuges.  The  FS  areas  have  the 
greatest  variety  of  nonconforming  uses  and  situations.  In  par- 
ticular, grazing,  private  holdings,  and  mining  are  widespread  and 
troublesome  in  FS  wilderness.  Electronic  transmission  facilities 
tend  to  be  most  frequent  in  the  NPS  units,  as  are  problems  with 
grazing,  inholdings,  and  cabins  and  other  structures.  Research 
projects  and  research  installations  occur  more  frequently  in  the 
NPS  areas  but  apparently  cause  few  problems. 

Three  types  of  legislative  or  administrative  designations  may  be 
superimposed  on  (or  bisect)  wilderness  that  merit  attention:  Na- 
tional Scenic  Trails,  Wild  Rivers,  and  Research  Natural  Areas. 
The  first  two  have  received  some  attention  because  they  tend  to 
conflict  or  at  least  differ  in  some  respects  from  wilderness 
management  direction.  Of  the  20  percent  of  areas  reporting  Na- 
tional Scenic  Trails  in  wilderness,  over  one-third  regard  this  situa- 
tion as  a  problem,  largely  because  the  legislative  mandate  for  the 
trail  system  encourages  use  and  allows  more  elaborate  trail  and 
facility  development  standards  than  is  consistent  with  wilderness. 
Interestingly,  none  of  the  NPS  areas  perceive  this  as  a  problem. 
Wild  Rivers  seem  to  pose  less  of  a  problem  or  conflict  in 
wilderness. 

Generally,  most  of  these  other  uses  and  special  situations 
prevail  in  the  Western  United  States.  Grazing,  both  on  Federal 
land  and  private  inholdings,  is  more  extensive  and  troublesome 
in  the  Pacific  and  Rocky  Mountain  regions.  Other  inholdings, 
used  for  commercial  or  personal  recreation  use  by  the  owners, 
are  more  typical  of  the  Midwest.  Fish  stocking  in  wilderness  oc- 
curs most  frequently  in  the  Pacific  region. 

Mineral  and  fossil  fuel  activities  seem  particularly  worthy  of 
attention.  With  increasing  values  of  rare  metals  and  energy 
sources,  the  NWPS  has  come  to,  and  will  no  doubt  continue 
to,  bear  increasing  pressure  to  explore  for  and  extract  these 
resources.  Though  our  results  do  not  allow  us  to  distinguish 
between  resources  sought  in  each  area,  managers  did  provide  a 
profile  of  the  claims  and  activities  in  their  area. 

Table  28  shows  the  total  number  of  claims  managers  think 
there  are;  claim  records  are  generally  kept  by  the  counties,  not 
the  agency.  It  also  shows  the  number  likely  to  be  declared  valid 
and  thus  remain  in  effect  after  1983,  the  Wilderness  Act  dead- 
line for  validating  claims.  More  than  one-half  of  the  claims  are 
located  in  the  FS  units;  the  NPS  areas  have  proportionately 
much  fewer.  Nevertheless,  NPS  managers  report  the  highest 
proportion  of  claims  likely  to  prove  valid,  perhaps  because 
recent  legislative  restrictions  have  winnowed  out  marginal 
claims. 

Table  28.— Mineral  claims  in  the  National  Wilderness  Preservation  System  and  likely  additions 


Agency 

Number  of  claims 
(percent  of  all  claims) 

Number  likely  to 
be  declared  valid 

Percent 
likely  valid 

Forest  Service 

15,295 
(62) 

9,721 

64 

National  Park  Service 

2,832 
(12) 

2,159 

7b 

Fish  and  Wildlife  Service 

3.996 
(16) 

1,998 

50 

Bureau  of  Land  Management 

2.398 
(10) 

1.009 

42 

All  agencies 

24.521 
(100) 

14,887 

61 

CONCLUSION 

This  survey  of  the  National  Wilderness  Preservation  System 
reveals  the  diversity  of  the  system.  The  tremendous  range  of 
physical  and  ecological  conditions  is  in  itself  impressive.  Varia- 
tions in  the  amount  and  type  of  recreational  use,  as  well  as  the 
nonconforming  uses  allowed,  contribute  to  further  diversity. 
Furthermore,  the  system  is  managed  by  four  Federal  agencies, 
each  with  differing  traditions,  philosophies,  and  legislative 
mandates. 

In  spite  of  such  diversity,  most  of  the  NWPS  components 
share  common  problems.  Resource  degradation  and  loss  of 
solitude  due  to  recreational  use  are  troublesome  problems  in  a 
majority  of  areas.  Given  that  managers  share  these  common 
problems,  one  would  expect  their  responses  to  converge  on  cer- 
tain techniques  or  approaches  to  deal  with  them.  Results  of  this 
survey,  however,  indicate  that  consistent  responses  to  similar 
situations  are  rare. 

Differences  in  the  management  philosophies  of  the  agencies 
administering  the  NWPS  are  a  major  source  of  this  inconsist- 
ency. Bury  and  Fish  (1980)  and  Fish  and  Bury  (1981)  also  com- 
ment on  these  differences  in  agency  outlook.  The  NPS  is  pur- 
suing a  particularly  aggressive  management  program.  In  com- 
parison to  the  other  agencies,  more  NPS  areas  have  established 
carrying  capacities  and  have  instituted  regulations  to  control 
amount  and  type  of  recreational  use.  Management  of  areas  ad- 
ministered by  the  FWS  and  BLM  has  been  particularly  passive 
in  comparison.  Few  of  these  areas  have  established  capacities 
and,  with  the  exception  of  rules  to  protect  wildlife  in  refuges, 
regulations  are  rare. 

If  the  aggressiveness  of  management  is  primarily  a  reflection 
of  need,  one  would  expect  amount  of  use  and  related  problems 
to  be  especially  severe  in  NPS  areas  and  especially  low  in  FWS 
and  BLM  areas.  Although  use  densities  and  problem  severity 
are  generally  lower  than  average  in  FWS  and  BLM  areas,  NPS 
lands  do  not  appear  to  have  critically  high  use  densities  or 
problems. 

Use  per  trail  mile  is  about  average  in  NPS  areas,  and  use  per 
acre  is  considerably  lower  in  NPS  areas  than  in  FS  areas.  This 
suggests  that  NPS  trails  are  well  used,  but  the  areas  as  a  whole 
are  not.  Opportunities  for  low  density  recreation  away  from 
trails  may  be  greater  in  NPS  areas  than  in  FS  areas.  Thus,  NPS 
areas  do  not  seem  to  be  more  intensely  used  than  FS  areas. 

Problems  with  crowding  and  resource  damage  appear  to  be 
more  pronounced  in  FS  areas  than  in  NPS  areas.  Although  our 
survey  was  based  on  managers'  perceptions — not  objective  mea- 
surement— such  perceptions  shape  management  policy. 

Use  more  frequently  exceeds  carrying  capacity — or  would  if 
rationing  had  not  been  instituted — in  FS  areas  than  in  NPS 
areas.  Again,  it  appears  that  the  need  for  management  is 
greater  in  the  FS  than  in  the  NPS;  and  yet,  it  is  the  NPS  areas 
that  are  more  highly  regulated.  Although  the  lower  incidence  of 
problems  in  NPS  areas  may  be  a  result  of  greater  regulation, 
NPS  managers,  at  least  in  comparison  to  FS  managers,  usually 
institute  regulations  at  lower  levels  of  crowding  and  resource 
damage. 
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The  implication  is  that  the  management  direction  of  wilder- 
ness units  is  largely  a  function  of  the  philosophy  and  tradition 
of  an  agency.  The  NPS  emphasizes  extensive  use  without  im- 
pairment of  the  resource.  As  Bury  and  Fish  (1980)  suggest,  the 
primary  objective  of  resource  preservation  has  led  NPS  man- 
agers to  institute  controls  before  damage  occurs.  The  effects  of 
these  controls  on  the  visitor's  experience  is  a  secondary  con- 
cern. In  contrast,  the  FS  tradition  of  largely  unfettered  recrea- 
tional use  has  led  to  an  emphasis  on  freedom  of  choice  for  the 
user.  Restrictions  have  generally  been  applied  only  after  signifi- 
cant resource  damage  and  loss  of  solitude  have  occurred.  Pres- 
ervation of  wildlife  has  been  the  primary  objective  in  FWS 
areas,  and  restrictions  are  generally  lacking  except  where  recrea- 
tionists  conflict  with  wildlife.  In  cases  of  anticipated  conflict, 
however,  highly  restrictive  measures  have  been  quickly  taken. 
A  management  tradition  has  not  developed  on  BLM  lands. 
Perhaps  because  of  low  use,  management  has  been  largely 
permissive. 

Management  varies  considerably  within  agencies.  The  NPS, 
for  example,  frequently  rations  use,  but  the  means  of  rationing 
varies.  Some  areas,  such  as  Yosemite  and  Sequoia-Kings  Can- 
yon National  Parks,  establish  trailhead  quotas  but  institute  no 
internal  restrictions  on  freedom  of  movement.  Other  areas, 
such  as  Mt.  Rainier  and  Glacier,  ration  use  by  campsite,  requir- 
ing visitors  to  keep  to  an  itinerary  developed  prior  to  entering 
the  area.  In  the  FS,  establishment  of  carrying  capacities  has 
been  specifically  mandated,  but  there  is  no  consistent  method 
for  establishing  capacities.  Most  areas  are  independently  devel- 
oping a  system.  This  lack  of  consistency  is  not  entirely  bad. 
Different  environmental  and  use  situations  demand  some  flexi- 
bility in  management.  Moreover,  differing  management  strate- 
gies provide  a  diversity  of  recreation  opportunities  for  the 
visitor.  Inconsistent  management  across  the  NWPS  does,  how- 
ever, create  its  own  problems.  In  some  wildernesses,  visitors  are 
encouraged  to  camp  at  previously  used  sites  with  established 
fire  rings;  in  other  areas,  which  may  have  quite  similar  environ- 
ments and  amounts  of  use,  visitors  may  be  encouraged  to  use 
previously  unused  sites  and  to  scatter  existing  fire  rings.  Teach- 
ing the  visitor  how  to  behave,  a  recent  emphasis  in  wilderness 
management,  will  be  extremely  difficult  if  management  policies 
are  confusing  and  contradictory.  Lack  of  consistency  may  com- 
promise cooperative  management  of  adjacent  areas  and  may 
even  invite  legal  challenge. 


Clearly,  management  of  the  NWPS  could  be  improved.  De- 
spite the  presence  of  unique  situations  and  varied  sizes,  envi- 
ronments, and  use  situations,  most  wilderness  units  share  a  few 
common  problems.  Various  solutions  have  been  tried  and  some 
are  working.  There  has  been  little  sharing  of  experience;  conse- 
quently, the  best  solutions  have  not  always  been  implemented 
and  management  across  the  NWPS  has  been  inconsistent. 

More  communication  and  cooperation  between  units  with 
similar  problems  would  improve  management.  Data  in  the  ap- 
pendix of  this  report  should  help  managers  identify  alternative 
responses  to  problems,  areas  with  similar  problems,  and  areas 
that  have  tried  various  management  techniques.  Managers 
could  utilize  this  information  to  profit  from  each  other's  expe- 
rience, leading  ultimately  to  a  more  consistently  and  efficiently 
managed  NWPS. 
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APPENDIX  A— TABULAR  SUMMARY  OF  MANAGER  RESPONSES 

In  the  following  tabular  summary,  the  answers  to  most  ques- 
tions are  given  by  area.  (Questionnaire  is  available  from 
Wilderness  Management  Research  Unit,  Forestry  Sciences 
Laboratory,  Missoula,  MT  59806.)  The  252  units  for  which  we 
report  data  are  organized  by  agency  and  status,  and  within 
these  categories  by  region,  from  Alaska  and  Hawaii  south  and 
east  to  Florida. 

To  enable  readers  to  readily  find  an  area  of  interest,  an 
alphabetical  index  is  provided  in  appendix  B.  Some  wildernesses 
are  comprised  of  several  National  Forests;  in  such  cases  a  ques- 
tionnaire was  sent  to  each  one.  Responses  will  therefore  be 
identified  by  several  numbers.  For  example,  number  75  applies 
to  the  Gallatin  National  Forest  portion  of  the  Absaroka- 
Beartooth  Wilderness;  number  76  applies  to  the  Custer  Na- 
tional Forest  portion. 

The  list  terminates  with  FWS  areas  that  were  surveyed  but 
not  reported  in  detail  because  they  receive  minimal  recreational 
use  (numbers  253-308).  Each  area  is  located  by  State  and  by 
number  on  the  location  map  (fig.  2). 
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Table  29.— Area  and  use  characteristics 
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1   Pasayten 

398 

61 

690 

7-9 

05 

32 

10 

11 

25 

5.7 

3 

- 

X 

- 

X 

- 

X 

2  Glacier  Peak 

228 

70 

110 

7-9 

02 

05 

01 

02 

08 

3.3 

3 

- 

- 

- 

X 

- 

- 

3  Glacier  Peak 

237 

47 

240 

7-9 

04 

07 

01 

01 

20 

2.0 

3 

X 

- 

- 

X 

- 

- 

4  Alpine  Lakes 

122 

82 

91 

7-9 

10 

07 

02 

05 

10 

2.5 

1 

X 

X 

X 

- 

- 

- 

5  Alpine  Lakes 

185  : 

?29 

369 

7-9 

10 

03 

01 

01 

10 

2.0 

3 

X 

X 

- 

- 

- 

- 

6  Goat  Rocks 

23 

35 

26 

7-9 

10 

05 

01 

01 

11 

2.0 

1 

X 

_ 

_ 

X 

_ 

_ 

7  Goat  Rocks 

60 

30 

88 

7-9 

15 

03 

01 

01 

07 

5.8 

2 

- 

X 

- 

X 

- 

- 

8  Mount  Adams 

42 

01 

60 

7-9 

65 

10 

02 

05 

03 

3.0 

3 

X 

- 

- 

- 

- 

- 

9  Wenaha-Tucannon 

177 

28 

165 

10,11 

05 

75 

15 

00 

85 

4.0 

3 

X 

X 

X 

- 

- 

- 

10  Eagle  Cap 

294 

53 

500 

7-8 

20 

22 

09 

02 

10 

4.0 

3 

- 

- 

- 

X 

- 

- 

11  Hells  Canyond 

110 

10 

300 

10,11 

02 

95 

75 

00 

90 

5.0 

3 

X 

_ 

- 

_ 

_ 

_ 

12  Hells  Canyon 

60 

04 

105 

7-8 

20 

05 

02 

01 

05 

2.0 

1 

X 

X 

X 

- 

- 

- 

13  Strawberry  Mountain 

34 

06 

67 

7-8 

52 

02 

01 

00 

05 

3.0 

3 

- 

X 

X 

- 

- 

- 

14  Mount  Hood 

47 

49 

116 

7-9 

36 

02 

00 

01 

01 

2.0 

3 

- 

X 

X 

- 

- 

- 

15  Mount  Jefferson 

4 

01 

03 

7-9 

30 

02 

00 

00 

00 

3.0 

4 

- 

- 

- 

X 

- 

- 

16  Mount  Jefferson 

64 

49 

110 

6-9 

30 

04 

00 

00 

05 

1.5 

3 

X 

_ 

X 

_ 

_ 

_ 

17  Mount  Jefferson 

33 

09 

51 

8-9 

15 

03 

01 

00 

01 

3.1 

1 

- 

- 

X 

- 

- 

- 

18  Mount  Washington 

38 

08 

29 

7-9 

65 

02 

00 

00 

12 

1.9 

1 

X 

- 

X 

- 

- 

- 

19  Mount  Washington 

8 

01 

05 

7-8 

75 

05 

00 

00 

50 

3.1 

4 

X 

- 

- 

- 

- 

- 

20  Three  Sisters 

182 

38 

240 

7-9 

30 

06 

01 

05 

08 

34 

3 

X 

- 

X 

- 

- 

- 

21  Three  Sisters 

63 

44 

79 

7-9 

25 

03 

01 

05 

01 

20 

1 

X 

_ 

X 

_ 

_ 

_ 

22  Diamond  Peak 

16 

02 

24 

6-8 

40 

02 

00 

UK 

18 

2.0 

3 

- 

- 

X 

- 

- 

- 

23  Diamond  Peak 

20 

03 

38 

7-8 

69 

03 

00 

00 

00 

1.5 

3 

- 

X 

X 

- 

- 

- 

24  Mountain  Lake 

23 

04 

21 

7-8 

30 

05 

02 

01 

02 

2.5 

3 

X 

X 

X 

- 

- 

_ 

25  Gearhart  Mountain 

19 

02 

14 

7-8 

52 

01 

00 

00 

15 

2.3 

3 

X 

X 

X 

- 

- 

X 

26  Wild  Rogue 

37 

28 

16 

6-9 

23 

00 

80 

05 

00 

2.0 

3 

_ 

X 

X 

X 

_ 

X 

27  Kalmiopsis 

169 

05 

170 

6-8 

60 

02 

01 

00 

05 

30 

3 

X 

X 

X 

- 

- 

- 

28  Marble  Mountain 

214 

88 

348 

7-9 

05 

03 

05 

00 

14 

6.0 

3 

X 

- 

- 

X 

_ 

_ 

29  South  Warner 

69 

14 

90 

6-9 

10 

15 

01 

00 

15 

9.0 

3 

- 

- 

- 

X 

- 

_ 

30  Thousand  Lakes 

16 

16 

20 

5-8 

10 

10 

00 

00 

05 

2.0 

1 

X 

- 

- 

X 

- 

- 

31  Caribou 

19 

21 

26 

6-8 

35 

06 

00 

00 

02 

4.0 

3 

_ 

X 

_ 

X 

_ 

. 

32  Yolla  Bolly-Middle  Eeld 

39 

05 

60 

7-9 

20 

10 

01 

00 

10 

3.0 

2 

X 

X 

- 

X 

- 

X 

33  Desolation 

63  : 

$02 

79 

7-8 

20 

01 

01 

00 

00 

2.5 

3 

X 

- 

- 

X 

- 

- 

34  Mokelumne 

40 

34 

50 

7-9 

10 

05 

00 

00 

05 

2.0 

3 

X 

- 

- 

X 

- 

- 

35  Mokelumne 

10 

06 

08 

7-9 

08 

05 

01 

02 

04 

5  0 

3 

X 

- 

- 

X 

- 

- 

36  Emigrant 

104  1 

06 

185 

6-8 

05 

13 

05 

05 

03 

4.2 

3 

_ 

X 

_ 

X 

_ 

_ 

37  Hoover 

39 

55 

65 

6-9 

30 

02 

01 

01 

03 

2.5 

3 

- 

X 

- 

X 

- 

- 

38  Hoover 

9 

12 

14 

9-10 

50 

01 

01 

01 

05 

4.3 

3 

X 

- 

- 

X 

- 

- 

39  Minarets 

43 

68 

77 

7-9 

04 

08 

01 

05 

03 

2.5 

3 

X 

- 

- 

X 

- 

- 

40  Minarets 

59  ■ 

74 

69 

7-8 

11 

05 

04 

05 

01 

6.5 

3 

- 

- 

- 

X 

- 

- 

41   Kaiser 

23 

07 

35 

7-8 

28 

02 

02 

UK 

01 

1.6 

3 

_ 

X 

_ 

X 

_ 

_ 

42  John  Muir 

260  ; 

(72 

300 

7-8 

10 

02 

02 

01 

01 

4.0 

3 

X 

- 

- 

- 

- 

- 

43  John  Muir 

223  t 

,04 

214 

7-8 

15 

05 

07 

01 

01 

69 

3 

- 

X 

_ 

X 

_ 

- 

44  Golden  Trout 

137 

19 

177 

6-9 

20 

40 

20 

00 

15 

30 

3 

X 

_ 

_ 

_ 

_ 

_ 

45  Golden  Trout 

169 

40 

232 

7-8 

08 

30 

10 

05 

04 

9.0 

1 

X 

- 

- 

X 

- 

- 

See  footnotes  at  end  of  table  29,  p.  23 
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03 

2.8 
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02 

25 
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01 
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00 

02 
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- 
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51 
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05 

00 

03 
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- 
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54  Aqua  Tibia 

16 

06 
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X 

X 

55  Jarbidge 

65 

11 

146 

7-10 

56 

13 

15 

02 

50 

3.0 

1 

- 

- 

X 

- 

- 

56  Selway-Bitterroot 

259 

50 

439 

7-9 

05 

50 

20 

03 

35 

3.0 

3 

X 

X 

X 

X 

X 

57  Selway-Bitterroot 

560 

42 

700 

6-9 

05 

25 

12 

00 

20 

5.5 

3 

- 

X 

- 

- 

- 

58  Selway-Bitterroot 

406 

73 

488 

7-9 

31 

32 

08 

01 

33 

4.0 

3 

X 

X 

X 

X 

X 

59  Seiway-Bitterroot 

10 

01 

08 

7-10 

40 

25 

00 

10 

30 

25 

3 

X 

- 

X 

- 

- 

60  Sawtoothd 

55 

60 

307 

7-8 

53 

06 

11 

01 

01 

4  6 

3 

- 

X 

X 

X 

X 

61  Gospel  Hump 

206 

04 

250 

8-10 

25 

30 

05 

01 

50 

3.0 

3 

X 

X 

- 

- 

_ 

62  Cabinet  Mountainsd 

50 

06 

95 

7-8 

70 

03 

00 

00 

05 

2.0 

1 

- 

X 

X 

- 

X 

63  Mission  Mountains 

74 

15 

40 

7-9 

80 

05 

00 

00 

02 

20 

3 

- 

- 

X 

- 

- 

64  Great  Bear 

286  120 

280 

7-11 

07 

65 

25 

00 

55 

4.0 

3 

X 

- 

- 

- 

- 

65  Bob  Marshall 

709  150 

750 

7-9 

05 

50 

30 

01 

20 

60 

4 

X 

- 

- 

- 

- 

66  Bob  Marshall 

300 

32 

307 

7-8 

05 

36 

10 

00 

26 

5.2 

3 

- 

X 

X 

_ 

_ 

67  Scapegoat 

75 

15 

68 

7-10 

11 

30 

03 

UK 

15 

5  0 

3 

X 

X 

X 

- 

- 

68  Scapegoat 

81 

06 

150 

7-10 

05 

20 

05 

02 

20 

2  0 

3 

X 

X 

- 

- 

- 

69  Scapegoat 

84 

09 

114 

7-8,11 

05 

45 

12 

00 

29 

57 

3 

- 

X 

X 

- 

- 

70  Gates  of  the  Mountain 

29 

04 

43 

7,8,10,11 

25 

40 

00 

00 

50 

3.0 

1 

X 

- 

X 

- 

- 

71  Welcome  Creek 

28 

02 

25 

7,8,10,11 

75 

15 

00 

00 

60 

3  0 

3 

X 

- 

X 

- 

_ 

72  Anaconda-Pintler 

41 

06 

52 

7-8,10 

25 

50 

05 

00 

25 

3.0 

3 

X 

- 

X 

- 

X 

73  Anaconda-Pintler 

45 

14 

100 

6-8 

20 

10 

03 

01 

15 

2.5 

3 

- 

- 

X 

- 

X 

74  Anaconda-Pintler 

73 

09 

127 

9-11 

70 

30 

08 

01 

10 

40 

3 

X 

- 

X 

- 

X 

75  Absaroka-Beartooth 

576  200 

350 

9-10 

50 

50 

05 

01 

60 

4.0 

3 

X 

X 

- 

- 

- 

76  Absaroka-Beartooth 

346 

98 

173 

7-8 

33 

05 

01 

04 

02 

3.0 

3 

X 

X 

X 

X 

X 

77  North  Absaroka 

351 

17 

89 

7-10 

20 

58 

30 

10 

55 

50 

3 

X 

X 

X 

X 

- 

78  Washakie 

687 

56 

380 

7-8,10 

33 

70 

40 

04 

40 

4  0 

3 

X 

X 

X 

- 

X        X 

79  Fitzpatrick 

191 

31 

94 

7-8 

15 

10 

OH 

23 

04 

4.4 

3 

X 

X 

X 

X 

- 

80  Teton 

557 

57 

400 

7-10 

10 

95 

65 

05 

12 

60 

2 

X 

X 

- 

- 

X 

81  Bridger 

392  265 

576 

7-8 

10 

03 

02 

04 

04 

50 

3 

X 

- 

X 

- 

- 

82  Savage  Run 

15 

15 

12 

7-8,10 

90 

10 

05 

00 

4  0 

30 

1 

X 

X 

- 

X 

- 

83  Lone  Peak 

10 

02 

12 

— 

100 

no 

00 

00 

00 

1  0 

1 

X 

X 

X 

- 

X 

84  Lone  Peak 

20 

09 

30 

6-9 

80 

05 

00 

00 

05 

2.0 

1 

X 

A 

- 

- 

X 

85  Mount  Zirkel 

72 

35 

200 

7-8 

04 

01 

01 

02 

01 

4.0 

3 

X 

X 

- 

- 

- 

86  Rawah 

27 

24 

75 

6-9 

28 

05 

01 

01 

05 

2.0 

1 

- 

X 

X 

- 

X        X 

87  Flat  Tops 

39 

17 

33 

7-8 

35 

35 

20 

05 

15 

3.0 

3 

- 

X 

- 

- 

- 

88  Flat  Tops 

196 

89 

234 

7-10 

50 

25 

15 

01 

15 

3.0 

3 

X 

- 

- 

- 

- 

89  Indian  Peaks 

70  162 

110 

7-8 

60 

04 

04 

02 

05 

20 

1 

X 

X 

- 

- 

X 

90  Eagles  Nestd 

51 

81 

180 

7-8 

56 

04 

02 

05 

01 

4  0 

3 

- 

X 

X 

- 

- 

See  footnotes  at  end  of  table  29, 

p.  23 
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0 
0 

1 

1- 

91   Maroon  Bells-Snowmass 

71 

90 

70 

7-9 

38 

01 

01 

01 

01 

3.0 

1 

X 

X 

- 

- 

- 

_ 

92  Hunter  Fryingpan 

74 

03 

59 

7-8,10 

20 

35 

02 

03 

30 

2.5 

3 

X 

- 

- 

- 

- 

- 

93  West  Elk 

61 

50 

45 

7-8,10 

05 

12 

02 

01 

30 

3.5 

3 

X 

X 

X 

- 

- 

X 

94  LaGaritad 

24 

21 

51 

7-9 

20 

45 

25 

00 

10 

5.0 

3 

X 

- 

X 

X 

- 

X 

95  Weminuche 

276 

167 

280 

6-8 

32 

22 

17 

02 

07 

2.0 

2 

- 

X 

X 

- 

- 

X 

96  Weminuche 

126 

54 

152 

7-8 

12 

28 

15 

20 

12 

5.0 

4 

X 

X 

X 

_ 

_ 

X 

97  Sycamore  Canyon 

7 

01 

00 

3-5,9-10 

80 

00 

00 

05 

15 

2.0 

2 

X 

- 

- 

- 

- 

- 

98  Sycamore  Canyon 

20 

05 

25 

3-5 

50 

25 

00 

05 

05 

3.0 

3 

X 

- 

X 

- 

- 

- 

99  Sycamore  Canyon 

21 

10 

11 

5-6 

75 

05 

00 

00 

05 

3.0 

1 

X 

X 

- 

- 

- 

- 

100  Pine  Mountaind 

9 

04 

20 

4-5 

25 

15 

05 

15 

15 

2.0 

3 

X 

X 

X 

- 

X 

X 

101   Mazatzal 

205 

12 

18  10 

30 

35 

05 

01 

60 

2.0 

3 

X 

_ 

_ 

_ 

_ 

_ 

102  Sierra  Ancha 

21 

10 

40 

9-10 

80 

10 

00 

00 

40 

2.0 

3 

X 

- 

- 

- 

- 

- 

103  Superstition 

124 

232 

140 

1-2 

80 

20 

20 

00 

25 

3.0 

1 

- 

X 

- 

- 

- 

- 

104  Mount  Baldy 

7 

05 

14 

6-8 

47 

01 

01 

00 

02 

3.0 

3 

X 

- 

X 

- 

- 

- 

105  Galiuro 

53 

10 

65 

5,8-9 

01 

10 

00 

00 

05 

4.0 

3 

X 

- 

X 

- 

- 

- 

106  Pusch  Ridge 

56 

60 

105 

— 

93 

00 

00 

01 

01 

2.0 

3 

X 

X 

- 

_ 

_ 

X 

107  Chiricahua 

18 

04 

52 

6-9 

70 

02 

00 

03 

03 

2.0 

3 

X 

- 

X 

- 

- 

- 

108  Wheeler  Peak 

6 

20 

14 

6-8 

75 

10 

01 

UK 

02 

2.5 

3 

X 

- 

- 

X 

- 

- 

109  San  Pedro  Parks 

41 

24 

38 

7-9 

31 

08 

00 

00 

05 

3.5 

3 

- 

- 

X 

X 

- 

- 

110  Chama  River  Canyond 

48 

01 

01 

5,9 

10 

05 

00 

00 

00 

2.0 

4 

X 

- 

- 

- 

- 

- 

111   Pecos 

25 

15 

55 

6-8 

10 

12 

05 

01 

10 

5.0 

3 

_ 

_ 

_ 

X 

_ 

_ 

112  Pecos 

144 

130 

250 

6-8 

25 

08 

01 

01 

07 

2.0 

3 

- 

X 

- 

X 

- 

- 

113  Manzano  Mountains 

37 

09 

20 

6-8 

70 

05 

00 

00 

15 

2.0 

1 

X 

- 

- 

- 

- 

- 

114  Sandia  Mountains 

31 

35 

55 

— 

90 

01 

01 

01 

06 

2.0 

1 

X 

X 

- 

- 

- 

- 

115  Gila 

430 

90 

410 

5,7 

04 

09 

04 

04 

04 

3.5 

1 

X 

X 

- 

X 

- 

- 

116  White  Mountain 

31 

29 

46 

6-8 

20 

30 

01 

00 

21 

3.0 

1 

X 

_ 

_ 

_ 

_ 

_ 

117  Boundary  Waters  Canoe  Area 

1076 

970 

1600 

6-8 

60 

00 

05 

01 

01 

4.0 

1 

X 

- 

- 

X 

- 

- 

118  Rainbow  Lake 

7 

03 

09 

5-8 

90 

00 

00 

10 

10 

2.0 

3 

X 

X 

X 

X 

- 

- 

119  Whisker  Lake 

7 

02 

04 

5,11 

95 

00 

00 

00 

55 

2.0 

1 

X 

- 

- 

- 

- 

- 

120  Blackjack  Springs 

11 

01 

00  10-11 

99 

00 

00 

00 

50 

10 

4 

X 

- 

- 

- 

- 

- 

121   Hercules  Glades 

12 

02 

42  10-11 

50 

02 

00 

10 

34 

2.0 

1 

_ 

X 

X 

_ 

_ 

_ 

122  Upper  Buffalo 

10 

01 

00 

4,10 

40 

00 

00 

00 

25 

3.0 

4 

X 

- 

- 

- 

- 

- 

123  Caney  Creek 

14 

04 

09 

5,10 

10 

00 

00 

00 

01 

3.0 

4 

- 

X 

X 

- 

- 

- 

124  Bristol  Cliffs 

4 

02 

00  1 

90 

00 

00 

00 

75 

2.0 

3 

- 

- 

- 

X 

- 

- 

125  Lye  Brook 

15 

08 

13 

7-8 

20 

00 

00 

05 

10 

1.8 

3 

- 

- 

- 

X 

- 

- 

126  Great  Gulf 

6 

40 

25 

7-8 

60 

00 

00 

05 

01 

2.8 

3 

X 

X 

_ 

X 

_ 

_ 

127  Presidential-Dry  River 

20 

23 

36 

7-9 

23 

00 

00 

05 

01 

2.3 

3 

X 

X 

- 

X 

- 

- 

128  Dolly  Sods 

10 

35 

26 

7,10 

28 

00 

00 

05 

10 

2.8 

3 

X 

- 

- 

X 

- 

- 

129  Otter  Creek 

20 

18 

41 

7-8 

23 

01 

03 

01 

30 

1.6 

3 

- 

- 

- 

X 

_ 

- 

130  Beaver  Creek 

5 

02 

02 

6-8 

95 

01 

00 

01 

00 

3.0 

4 

X 

- 

- 

- 

X 

- 

131  James  River  Face 

9 

05 

25 

7-8 

80 

01 

00 

00 

40 

2.0 

4 

X 

X 

_ 

_ 

_ 

_ 

132  Gee  Creek 

2 

03 

02 

5-8 

95 

00 

00 

05 

20 

1.0 

4 

X 

- 

- 

- 

- 

- 

133  Joyce  Kilmer-Slickrock 

4 

01 

23 

8-10 

43 

05 

01 

01 

50 

3.0 

3 

X 

X 

- 

- 

- 

- 

134  Joyce  Kilmer-Slickrock 

10 

14 

60 

6-8 

80 

01 

00 

01 

01 

3.0 

4 

X 

- 

- 

- 

- 

- 

135  Cohutta 

2 

04 

04 

4-5 

70 

05 

00 

05 

02 

2.0 

4 

X 

- 

- 

- 

- 

- 

See  footnotes  at  end  of  table  29,  p. 23 
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136  Cohutta 

32 

17 

66 

6-8 

30 

02 

00 

02 

20 

3  0 

3 

X 

X 

- 

- 

- 

- 

137  Linville  Gorge 

8 

45 

28 

— 

66 

00 

00 

01 

10 

3  0 

3 

X 

- 

- 

X 

- 

- 

138  Shining  Rock 

13  210 

32 

6-9 

56 

01 

UK 

00 

26 

2.0 

3 

- 

- 

- 

X 

- 

- 

139  Ellicott  Rockd 

0.3 

10 

06 

6-10 

45 

00 

00 

00 

20 

2.5 

1 

X 

X 

- 

- 

- 

- 

140  Ellicott  Rock 

3 

10 

02 

6-8 

98 

00 

00 

01 

01 

i  5 

4 

X 

X 

X 

- 

- 

X 

141  Sipsey 

13 

10 

00 

3,10 

60 

00 

00 

00 

UK 

2.0 

1 

X 

X 

- 

_ 

_ 

_ 

142  Brad  well  Bay 

23 

01 

02  4,5,10-12 

95 

00 

00 

00 

50 

1.5 

4 

X 

- 

- 

- 

- 

- 

F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

35  128 

61 

6-9 

10 

OR 

00 

00 

02 

6.0 

3 

X 

- 

- 

A 

- 

- 

144  Salmon  Trinity  Alps 

253 

50 

300 

6-8 

03 

05 

02 

01 

10 

4  0 

3 

X 

- 

X 

- 

- 

- 

145  High  Sierra° 

2 

01 

00 

6-8 

UK 

00 

00 

00 

10 

UK 

2 

- 

- 

X 

- 

- 

- 

146  Salmon  River  Breaks 

94 

25 

140 

9-10 

25 

60 

50 

01 

60 

4.0 

3 

X 

X 

X 

X 

- 

- 

147  Salmon  River  Breaks 

122 

16 

287 

9-11 

04 

80 

30 

00 

85 

7.0 

3 

X 

X 

- 

- 

X 

- 

148  ldahod 

690 

55 

850 

7-10 

05 

20 

25 

00 

40 

50 

3 

- 

X 

X 

_ 

X 

X 

149  Idaho 

242 

88 

344 

6-8 

05 

06 

75 

01 

0  7 

[  0 

3 

- 

X 

- 

X 

- 

X 

150  Idaho 

75 

42 

200 

7-8 

02 

35 

02 

01 

15 

5.3 

3 

X 

- 

X 

- 

X 

X 

151  Spanish  Peaks 

63 

16 

128 

7-10 

67 

12 

01 

01 

30 

2.0 

3 

X 

- 

X 

- 

- 

- 

152  Cloud  Peak 

137 

73 

105 

6-8 

78 

20 

01 

05 

01 

4.0 

3 

- 

X 

X 

- 

- 

- 

153  Glacier 

6 

01 

12 

7-9,11 

99 

40 

05 

00 

25 

1.0 

3 

X 

- 

X 

- 

- 

- 

154  Popo  Agie 

71 

47 

110 

7-8 

01 

11 

31 

25 

01 

5.0 

3 

- 

X 

X 

X 

- 

- 

155  High  Unitas 

74 

64 

100 

7-8 

20 

30 

00 

01 

00 

2.5 

3 

- 

X 

X 

- 

- 

- 

156  High  Uintas 

163  218 

328 

7-8 

30 

12 

05 

02 

01 

25 

3 

- 

X 

- 

- 

- 

- 

157  Uncompahgre 

69 

53 

65 

6-8 

90 

01 

05 

01 

02 

3.5 

3 

X 

- 

X 

- 

- 

X 

158  Wilson  Mountains 

21 

06 

13 

7-9 

70 

02 

15 

10 

07 

2.0 

3 

X 

X 

- 

- 

_ 

- 

159  Wilson  Mountains 

10 

06 

05 

7-8 

38 

05 

05 

01 

15 

2.0 

3 

X 

X 

X 

X 

- 

- 

160  Blue  Range 

175 

04 

150 

6-10 

50 

30 

05 

00 

70 

3.0 

3 

X 

- 

- 

- 

- 

- 

161   Blue  Range 

37 

or 

17 

4-6 

50 

05 

00 

00 

10 

20 

4 

X 

- 

- 

- 

- 

- 

162  Gila 

133 

1? 

50 

5,7 

04 

09 

04 

04 

04 

3.5 

1 

X 

X 

- 

X 

- 

- 

163  Aldo  Leopold-Black  Range 

170 

15 

250 

6-8 

75 

35 

00 

05 

25 

3.0 

2 

X 

- 

X 

- 

- 

- 

NPS  WILDERNESS 

164  Haleakala 

19 

27 

30 

— 

44 

04 

01 

00 

- 

3.0 

3 

X 

- 

X 

X 

- 

- 

165  Hawaii  Volcanoes 

123 

12' 

65 

8 

01 

01 

00 

25 

- 

2.5 

3 

X 

- 

- 

X 

- 

- 

166  Lava  Beds 

28 

01 

18 

3-4 

95 

00 

00 

00 

- 

20 

3 

X 

- 

X 

- 

- 

- 

167  Lassen  Volcanic 

79 

38 

140 

6-8 

65 

02 

00 

00 

- 

1.5 

3 

- 

X 

- 

X 

- 

- 

168  Point  Reyes 

25  300 

50 

— 

90 

05 

00 

00 

- 

2.0 

1 

X 

X 

- 

X 

X 

X 

169  Pinnacles 

13  168 

16 

4 

100 

00 

00 

00 

_ 



1 

X 

_ 

- 

- 

- 

- 

170  Joshua  Tree 

430 

12 

16 

4 

95 

00 

00 

00 

- 

2.0 

2 

X 

- 

X 

- 

- 

- 

171  Craters  of  the  Moon 

43 

01* 

15 

5-6,9-10 

80 

01 

00 

00 

- 

2.0 

4 

X 

- 

- 

- 

- 

- 

172  Black  Canyon  of  the  Gunnison 

11 

02 

00 

5-8 

70 

00 

00 

00 

- 

2.0 

3 

X 

X 

- 

- 

- 

- 

173  Great  Sand  Dunes 

33 

76* 

00 

6-8 

95 

00 

00 

01 

- 

20 

3 

X 

- 

- 

X 

- 

- 

174  Mesa  Verde 

8 

00 

00 



00 

00 

00 

00 

_ 



_ 

_ 

_ 

_ 

_ 

- 

- 

175  Petrified  Forest 

50 

01 

00 

7-8 

70 

00 

00 

00 

- 

1.5 

1 

X 

- 

- 

X 

- 

- 

176  Organ  Pipe  Cactus 

313 

04 

04 

1-3 

70 

00 

00 

01 

- 

2.5 

4 

- 

- 

X 

- 

- 

- 

177  Saguaro 

71 

9" 

70 

2-3 

80 

01 

01 

01 

- 

2.0 

1 

- 

- 

X 

- 

- 

- 

178  Chiricahua 

9 

04 

17 

— 

100 

01 

00 

00 

- 



- 

- 

- 

X 

- 

- 

- 

See  footnotes  ai  end  of  table  29,  p.  23 
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179 

Bandelier 

180 

Carlsbad  Caverns 

181 

Guadalupe  Mountains 

182 

Theodore  Roosevelt 

ifi.'l 

Badlands 

184 

Isle  Royale 

185 

Buffalo  National  River 

186 

Shenandoah 

187 

Everglades 

188 

Gulf  Islands 

10 
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(A 

c 
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< 

z> 

1- 

23  00 

33  02 

47  14 

30  03 

64  03 


54 
28 
45 
47 
13 


132    70  166 

11     UK  00 

80  224*  324 

1297    58*  175 

2    38  00 


S 

C 
O  _ 

E  aT 
^  <a 

C    = 
°    m 

S£ 

</>  _ 

0)    o 

<A  ^p 
m 


5-  ^t- 


S  Al 

X 

5 
6-7 

6-8 
6-8 

6-8 
3-5 
7-8 

5-7 


Percent  of  Visitors 

(0 

E 

to 

h- 

J£ 

? 

O 

o 

(0 
0> 

Q. 
O  C 

</) 

*x 

o  o 

<A 

JC 

«^ 

S~ 

h. 

o 

CD 

(Q 

3 

3  S 

(0 

CO 

3 

Q. 

O 

°§ 

Q> 

£ 

£ 

.c*o 

*- 
^ 

">» 

«— 

*- 

*■  OP 

Q 

5 

£ 

J 

3 
X 

52  00 

85  03 

60  01 

65  45 

80  01 

13  00 

70  02 

70  01 

98  00 

20  00 


08 
00 
00 
45 
00 

00 
00 
00 
10 
00 


02 
05 
01 
00 
00 

01 

05 
01 
01 
00 


to 

>. 

03 

2, 
o 

£ 

c 

sa 

c 
«J 

Q> 

s 

1.8 
2.1 
2.6 
2.2 

2.0 


Use-estimation  techniq 

ues 

(A 

k. 

O 

c 

** 

_o 

« 

"> 

c 
o 

k- 

(A 

o 

(A 

0» 

0) 

(A 

O 

c 

C 

o 

(0 

CO 

2 

(0 
<A 

"5> 

'5> 
£ 

o 

c 

3 
O 

o 

c 

3 
O 

o 

o 

s 

"O 

v 

c 

■o 

a. 

(A 

0) 

ra 

X 

£ 

0) 

© 

O) 

o 

CO 

UJ 

o 

il 

«> 

< 

oc 

»- 

4.2  3 

2.0  4 

2.0  1 

3.1  1 
3.0  3 


X 
X 
X 
X 

X        X 
X 

X        X 

X 

X        X 


NPS  PROPOSED  WILDERNESS 

189  Mount  McKinley  1848    60* 

190  Katmai  2603    02 

191  Glacier  Bay  2225    04* 

192  North  Cascades  Complex  537    05 

193  Olympic  861  214* 

194  Mount  Rainier  208  141 

195  Crater  Lake  127    14 


20 
07 
10 
371 
600 
360 
100 


6-8 
7-8 
6-9 
7-8 
7-8 
7-8 
7-8 


75  10 

03  00 

10  00 

20  01 

60  01 

93  01 

90  01 


10 
01 
10 
01 
01 
01 
00 


10 
00 
01 
01 
01 
01 
00 


3.0 
4.0 
5.0 
2.6 
2.5 
20 
1.8 


196  Yosemite 

197  Sequoia-Kings  Canyon 

198  Death  Valley 

199  Glacier 

200  Yellowstone 

201  Grand  Tetone 

202  Dinosaur 

203  Rocky  Mountain 

204  Colorado 

205  Zion 

206  Cedar  Breaks 

207  Bryce  Canyon 

208  Capitol  Reef 

209  Canyonlands 

210  Arches 


647  344*  631 
803  333*  710 

1908  01  07 
928  62*  675 

2033  143*  1000+ 


5  01 

21  01 

180  01 

260  30* 

62  05* 


F&WS  WILDERNESS 

213  San  Juan  Islands  0.4  21 

214  Red  Rocks  Lakes  32  01* 

215  Crab  Orchard  4  02 

216  Mingo  8  01* 

217  Wichita  Mountains  9  08 

218  Lacassine  3  01 

219  Breton  5  01* 

220  Monomy  2  06* 

See  footnotes  at  end  of  table  29,  p.  23 


00 
40 
15 
198 
06 


211  Cumberland  Gap  12    05*      30 

212  Great  Smoky  Mountains  391  240*     858 


00 
00 
00 

00 
03 


00 
00 


6-8 
7-8 
3-4 
7-8 
6-8 


123  75*  134 

206  71*  10  6-8 

240  221*  300  7-9 

14  UK  05  4,10 

121  25*  65  5-6 


7-9 

5-8 

3,5,6 

6-8 

2-5 


7-8 
7-10 

5,9,10 

4-6 
3 


00  11-12 


7-9 
6-9 


30  01 
15  02 
UK  01 
80  01 
84  01 

58  - 
10  01 
92  09 
98  05 
UK  01 

65  00 

20  00 

75  00 

10  01 

75  00 

80  05 

UK  05 


100  00 

100  - 

100  00 

100  00 

99  00 


02 
02 
01 
01 
01 


00 
01 


01 
03 
02 
01 
UK 


50  10 

08  UK 

00  00 

00  01 

00  00 

00  00 

00  00 

01  02 
00  10 


02 
01 


00 
00 
00 
00 
00 


10 
00 
00 
00 
01 


3.0 
4.2 
3.0 
2.3 
2.2 


1.6 
2.0 
2.0 
1.5 
2.0 

2.0 
2.3 


00  0.0 

02  0.0 

100  0.0 

00  0.0 

00  2.0 


3.0  3 

1.7  1 

1.0  1 

2.5  3 


90  00  UK  UK  02  2.0  3 
100  00  00  00  01  0.0  4 
100  02   00   10    20  0.0  3 
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221  Great  Swamp 

222  Cape  Romain 

223  Blackbeard  Island 

224  Wolf  Island 

225  Okefenokee 


(Q 

CO 

b 

o 

o 

CO 

y— 

o 
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o 
o 

"Jfl 

co 
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tt) 
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CO 

> 
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<D 

o 

co 

(0 

< 

73 

1- 

4  09 

28  or 

3  03' 

5  01 
344  39* 


00 
120 


o  _ 

E  oT 

*-•  co 

C    = 
°     m 

w  o 

<i>  2 

CO  _ 

0)  © 

5# 


£■   f     r- 


Al 


Percent  of  Visitors 

(0 

E 

TO 

w 

0> 

o 
o 

(A 

*■_ 

■2 
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w 

^°- 

O  C 

(A 

.—• 

o  o 

CO 
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J3 

■o™ 
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o 

0) 

TO 

3 

3  S 

CO 

(A 

3 

Q. 

O 

°3 

aj 

£ 

.C 

.CO 

c 

>* 

*»  Q) 

to 

a 

$ 

5 

5 

3 
X 

05      - 
03      - 
05    7,10,12 
9 


10  00  00 

98  00  00 

100  - 

100  00  00 


02 
00 
00 
00 


95    00      01       01 


01 

01 
30 
00 
00 


10 

■a 


c 

c 
TO 

0) 

5 


Use-estimation  techniq 

ues 

u 
CO 

O 

c 

,t; 

o 

CO 

',3 

"> 

c 
o 

(0 

CO 

LO 

o 

CO 

CO 

CD 

w 

0) 

o 

c 

c 
o 

CO 
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<0 

t5 

'5) 

C 
3 
O 

u 

c 

3 

.2 

to 

E 

« 

5) 

0) 

o 

O 

o 

a> 

V 

■o 

*r 

c 

•o 

mm 

a. 

X 

CO 

0) 

« 

(0 

o 

'<5 

UJ 

O 

iZ 

<rt 

< 

QC 

H 

0.0  4 

2.0  4 

0.0  3 

0.0  - 

2.0  3 


226  Cedar  Keys 

227  Chassahowitzka 

228  Passage  Key 

229  J.N.  "Ding"  Darling 


04 

23 

0  1 
3 


01 
34 
05 
16 


00  4-5 

00  - 

00  6-9 

00  - 


100  00  00 

95  -  10 

100  - 

100  00  00 


00 


00 
01 


00      00 


0.0 

o.o 

00 

00 


XXX 
X         -         - 


F&WS  PROPOSED  WILDERNESS 

230  Aleutian  Islands  1395  33*  00  7-8 

231  Nunivak  1109  20  00  6-8 

232  Kenai  829  13'  20  5-9 

233  Kenai  Lakes  2  13  160  5-7 

234  Hart  Mountain  16  01'  00  7-10 


75  00  05  UK  75  4.0  4  X  X 

60  00  01  00  30  7.0  2  -  X 

35  05  03  19  10  5.0  3  X 

30  00  01  03  07  5.0  3  X  X 

80  01  00  05  50  2.0  3  X  X 


235  Havasu 

236  Charles  M.  Russell 

237  Desert 

238  Kofa 

239  Cabeza  Prieta 


3  06*  00  6-8  100  01  -  -  00  0.0  4  X   X 

155  01*  00  9-11  80  10  05  00  80  2.0  4  X   X 

1443  07*  00  -  98  01  00  UK  01  3.0  2  -    X 

571  09'  00  3  35  15  01  00  25  2.0  2  X 

834  03  124  3-4  35  01  00  00  00  3.0  2  X 


240  Missiquoi 

241  Parker  River 


2  03* 

3  20* 


01 


10-11 
9-10 


100 
100 


01 


95 

06 


0  0 
00 


BLM  PRIMITIVE  AREAS 

242  Chemise  Mountain 

243  Humbug  Spires 

244  Beartrap  Canyon 

245  Centennial  Mountains 

246  Scab  Creek 


4  01 

7  UK 

3  03 

24  UK 

7  10 


04  6-8 

00  5,9 

00  6 

00  8,9 

04  7,9,10 


50  00  00 

95  05  00 

90  02  01 

35  55  80 

50  15  05 


UK  10 

00  20 

00  05 

00  20 

10  40 


2.0 
2.5 
2.0 

4  0 
40 


247  Powderhorn 

248  Paria  Canyon 

249  Dark  Canyon 

250  Grand  Gulch 

251  Paiute 


40  05  70  7-10 

28  11  35  4-6 

57  05  300  4-6 

24  10  100+  3-6 

35  01  12  4,5 


40  20  05 

01  01  02 

01  01  01 

05  95  10 

60  00  00 


05  40 

00  00 

08  01 

05  01 

00  60 


3.0 
4.0 

50 
50 
2  0 


252  Aravaipa  Canyon 


5    10 


00 


47    01       01       01       UK      1.3     3 


Annual  use  in  12-hour  Recreation  Visitor  Days,  (')-denotes  conversion  from  Visits  or  Overnight  Stays. 

For  overnight  visitors  (campers). 

(1>-beginners  more  common;  (2>-experienced  users  more  common;  (3)-average  experience;  (4)-experience  unknown 

Additional  acreage  managed  by  adjacent  forest  that  did  not  return  a  questionnaire. 

No  questionnaire  returned.  Selected  data  collected  by  telephone 
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Table  30.— Management  problems 


F.S.  WILDERNESS 

1  Pasayten 

2  Glacier  Peak 

3  Glacier  Peak 

4  Alpine  Lakes 

5  Alpine  Lakes 

6  Goat  Rocks 

7  Goat  Rocks 

8  Mount  Adams 

9  Wenaha-Tucannon 

10  Eagle  Cap 

11  Hells  Canyon 

12  Hells  Canyon 

13  Strawberry  Mountain 

14  Mount  Hood 

15  Mount  Jefferson 

16  Mount  Jefferson 

17  Mount  Jefferson 

18  Mount  Washington 

19  Mount  Washington 

20  Three  Sisters 

21  Three  Sisters 

22  Diamond  Peak 

23  Diamond  Peak 

24  Mountain  Lake 

25  Gearhart  Mountain 


Recreation 

-caused  i 

esource 

problems3 

Other  recreation-caused  impacts8 

Human- 
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Packstock- 
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X 

- 

- 

- 

- 

- 

- 

- 

- 

- 

FP 

- 

- 

- 

- 

FP 

FP 

- 

- 

- 

- 

X 

FP  FP  -   FP  -   -   -   -   - 
FP  FP  -   FP  -   -   -   FP 
FP  FP  -   FP  - 


FP 


26  Wild  Rogue 

27  Kalmiopsis 

28  Marble  Mountain 

29  South  Warner 

30  Thousand  Lakes 


_       FP    ----------- 

.       FP-       FP    --------- 

FP    MP    FP    MP    MP    FP    -       FP    FP    FP    FP    FP    - 

-       -       -       FP    FP    -       FP    FP    -       FP    FP    -       - 

FP    FP--FP    ------- 


-       FP    FP    FP    FP    - 
FP    -       -       -       - 
FP    FP    FP    FP    FP    FP 


FP    FP 


31  Caribou 

32  Yolla  Bolly-Middle  Eel 

33  Desolation 

34  Mokelumne 

35  Mokelumne 


FP  FP  FP  FP  FP  FP  -  -  -  FP  FP  -  -  FP  - 

FP  FP  MP  FP  MP  MP  FP  FP  FP  FP  FP  -  -  FP  -  -   - 

MP  MP  MP  MP  FP  MP  FP  FP  FP  FP  FP  -  FP  FP  FP  FP  FP  - 

FP  FP  -  FP  FP  -  -  -  -  -  -  -  -  -  FP  FP  - 

FP  FP  FP  FP  FP  -  FP  FP  FP  FP  FP  -  -  FP  FP  - 


FP 
FP 


36  Emigrant 

37  Hoover 

38  Hoover 

39  Minarets 

40  Minarets 


FP    MP    FP    FP    MP    FP    FP    MP   -       MP    MP    - 
-       MP    FP    FP    MP    FP    FP    FP    FP    FP    FP    FP 

MP    FP--FP    ------- 

FP    FP    FP    -       FP    MP    FP    -       -       FP    - 

MP    MP    -       FP    FP    -       MP    FP    -       FP    FP    - 


MP    -       MP    FP  MP    FP  -  -  X 

FP    -       FP    -  MP    FP  -  -  - 

_       _       FP    -  FP    -  FP  -  X 

FP    FP  FP    -  -  -  - 

FP    FP    FP  MP    FP  FP  -  X 


41  Kaiser 

42  John  Muir 

43  John  Muir 

44  Golden  Trout 

45  Golden  Trout 


MP    MP    FP    FP    FP    -       MP    MP    FP    -       FP    -       -       FP    -       FP    - 
MP    MP    MP    MP    MP    FP    MP    MP    FP    MP    MP    FP    -       -       FP    FP    FP    FP    FP 
FP    MP    FP    FP    FP    -       FP    FP    FP    FP    -       FP    FP    FP    FP    FP    FP    -       MP 


FP    FP 


See  footnotes  at  end  of  table  30,  p.  29 


FP     FP     - 


FP     FP 
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Table  30.— (con.) 


Recreation-caused 

resource 

problems3 

Other  recreation-caused  ii 

npacts8 

Human- 

Human- 

Packstock- 

Packstock- 

caused 

caused 

caused 

caused 

E 

(0 

vegetation 

soil 

vegetation 

soil 

c 

impact 

impact 

impact 

impact 

c 
o 

3 

4) 

n 

J 

"5 

■o 

82 

tt> 

(A 

</> 

(0 

a> 

</> 

(0 

0) 

V) 

(0 
0) 

0 

«5 

JO 

c 
ra 

> 

C 

'35 

3 

■e 

to 

0) 

'35 

0) 

"55 

1 

JO 

'35 

1 

S 

O 
Q. 

c 

o> 

c 

oS2 

ra 

"i 

'5 

i- 

a. 
E 
w 
O 

« 

a. 

E 
ra 
O 

« 
5 

JO 

'ra 

ha 
1- 

a. 
E 

(0 

O 

0) 

ra 

5 

w 

'ra 

i- 

a 
E 

(0 

O 

a> 

ra 

5 

c 
O 

lu 

(0 

E 

3 
X 

i 

o 

k- 

o 

is 

o 

'« 

1- 

1 

ra 

k. 

& 
ra 

c 

3 
O 
CD 


46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 

50  San  Gabriel 

51  Cucamonga 

52  San  Gorgonio 

53  San  Jacinto 

54  Aqua  Tibia 

55  Jarbidge 

56  Selway-Bitterroot 

57  Selway-Bitterroot 

58  Selway-Bitterroot 

59  Selway-Bitterroot 

60  Sawtooth 

61  Gospel  Hump 

62  Cabinet  Mountains 

63  Mission  Mountains 

64  Great  Bear 

65  Bob  Marshall 

66  Bob  Marshall 

67  Scapegoat 

68  Scapegoat 

69  Scapegoat 

70  Gates  of  the  Mountain 


FP  FP    -  FP  FP    FP    FP    FP    FP    FP    FP    FP    -       -  -       -       -       -       -       - 

FP  MP    FP  FP  FP    FP    FP    -       -       -       -       -       FP    -  FP    FP    FP    FP    -       -       X 

-  -       -  FP  FP    ---------  FP-FP---- 

FP  MP    -  -  MP    -       -       FP    -       -       -       -       -       -  FP    FP    FP    -       FP    - 

FP  FP     FP  MP  FP     -        -        -        -        -        -        -        -        FP  MP    FP     MP    FP     MP    MP    - 

MP    MP    MP    FP    FP    FP    -       -       -       -       -       -       -       -       MP    -       -       -       MP    MP   - 

FP    FP    -       FP    FP    -       -       -       -       -       -       -       FP    -       FP    FP    - 

-  -       -        FP     FP     FP    -        -        -        -        -        -        -        FP     FP     MP    MP    -        -       -        - 

FP--FP----------------X 

FP    FP    FP---FPFPFP    -------       ----X 

FP     FP     FP     -        FP     FP     MP    MP    FP     MP    MP    FP    - 

MP    FP    MP   MP    FP    -       MP    FP    MP   MP    FP    FP 
MP   MP   MP    FP    MP   MP   MP   MP   MP    MP    MP    MP    FP 

FP-FP-----FP--- 
FP    MP    FP    -       FP    -       FP    -       -       - 

FP  FP  -   -   FP  FP  FP  FP  FP  FP  FP  - 

FP  FP  FP  MP  FP  -  FP  FP  -  -   FP  FP 

FP  MP  FP  FP  MP  FP  FP  FP  -  FP  FP  -  - 

FP  FP  -  -  -  MP  MP  FP  FP 

FP  FP  FP  -   -   -  FP  FP  FP  MP  FP  FP  - 


FP  -  FP  FP  - 

FP  -  FP  FP  - 

FP  FP  -  -  - 

-  -  FP  -  - 

FP  -  -  FP  - 


FP  -  FP  FP  FP 

FP  -  FP  FP  - 

FP  FP  FP  FP  FP  - 

FP    FP  -  FP  FP  - 

FP  -  FP  FP  - 


FP 


FP 

FP 

FP 

FP 

FP    - 

- 

FP 

FP 

FP 

FP 

FP    - 

-X 

MP 

FP 

FP 

FP 

FP    - 

X 

- 

FP 

FP 

- 

-       - 

X 

FP 

_ 

_ 

FP 

_ 

X 

FP 

FP 

FP 

FP 

- 

X 

FP 

- 

FP 

- 

- 

X 

FP 

- 

- 

FP 

- 

X 

MP 

FP 

FP 

FP 

- 

- 

FP 

FP 

FP 

_ 

_ 

_ 

FP 

- 

FP 

FP 

- 

X 

FP 

FP 

FP 

- 

- 

- 

- 

- 

FP 

- 

- 

- 

- 

- 

71  Welcome  Creek 

72  Anaconda-Pintler 

73  Anaconda-Pintler 

74  Anaconda-Pintler 

75  Absaroka-Beartooth 


FP  MP  FP  FP  MP  FP  -  -   -   FP  -   -   -  -  -   -  -   - 

FP  FP  FP  FP  FP  -  FP  -   FP  FP  FP  - 

-   MP  MP  FP  FP  -  -  FP  FP  FP  FP  -   -  FP  -   FP  FP  - 

FP  MP  FP  FP  FP  FP  FP  FP  FP  FP  FP  FP  -  -  FP  FP  - 

FP  MP  FP  FP  FP  FP  FP  MP  MP  MP  MP  MP  FP  FP  MP  MP  FP  FP 


FP  - 


76  Absaroka-Beartooth 

77  North  Absaroka 

78  Washakie 

79  Fitzpatrick 

80  Teton 


MP  FP  - 
FP  FP  - 


FP  FP 


MP  -   FP  FP  - 


FP  FP  FP  FP  FP  FP  FP  FP  FP  - 


FP 


FP  FP  FP  FP  - 


FP    FP    MP    FP    FP    FP    FP    FP    FP    MP    MP    FP 
MP    FP    FP    MP    FP    FP 


FP     MP    MP    -  FP 

FP    -       -       -  - 

FP    -       FP    -  - 

FP     FP     FP     FP  - 

FP     -  - 


81  Bridger 

82  Savage  Run 

83  Lone  Peak 

84  Lone  Peak 

85  Mount  Zirkel 


MP    MP    MP    MP  FP    FP    FP    FP    FP    MP  FP    FP    MP    -       MP    FP    MP    FP    -       FP    X 

_       _       _       FP  ------  FP    ---------- 

FP    -       MP  FP    -       -       -       -       -  -       -       -       MP    FP    FP    FP    -       -       -       X 

FP  FP  FP  FP  FP  -   FP  -   FP  -   -   FP  FP  FP  FP  FP  -   FP  - 

FP  FP  FP  -  FP  FP  FP  FP  FP  -  -   -   -   -   -   -   -   FP  FP  - 


86  Rawah 

87  Flat  Tops 

88  Flat  Tops 

89  Indian  Peaks 

90  Eagles  Nest 

See  footnotes  at  end  of  table  30,  p.  29 


MP    FP    FP  FP    FP    FP  FP  -  FP  FP  - 

FP    -       MP    FP  -       FP    -  FP  MP  FP  FP  FP  MP   - 

FP    FP    FP    MP  MP    MP    FP  FP  FP  FP  FP  FP  - 

FP    MP   MP    FP  MP   MP    -  -  -  -  -  -  FP    FP 


MP 

FP 

FP    - 

- 

MP    FP 

- 

- 

- 

X 

MP    FP 

FP 

FP 

- 

X 

FP 

MP 

FP 

FP    - 

- 

FP     FP     FP     FP     FP     FP 


FP    FP    FP    MP    MP    FP    FP    FP    X 
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Table  30.— Management  problems 


F.S.  WILDERNESS 

1  Pasayten 

2  Glacier  Peak 

3  Glacier  Peak 

4  Alpine  Lakes 

5  Alpine  Lakes 

6  Goat  Rocks 

7  Goat  Rocks 

8  Mount  Adams 

9  Wenaha-Tucannon 

10  Eagle  Cap 

11  Hells  Canyon 

12  Hells  Canyon 

13  Strawberry  Mountain 

14  Mount  Hood 

15  Mount  Jefferson 


Recreation-caused  i 

esource 

problems3 

Other  recreation-caused  impacts3 

Human- 

Human- 

Packstock- 

Packstock- 

caused 

caused 

caused 

caused 

E 
<2 

vegetation 

soil 

vegetation 

soil 

c 
0 

0 

impact 

impact 

impact 

impact 

<j> 

c 
_o 

J3 

0 
« 
0 

0 
S 

0 

.O 

■o 
c 
0 

> 

0 
0 

C 

M 

(A 
<J> 

(0 

0) 

(O 

(0 

(/) 

in 

0) 

'35 

■e 

a> 

0 

'55 

■o 
o 

'35 

o 

i 

4) 

'35 

•a 
o 

^ 

O 
Q. 

c 

C 

0 

oJ2 

0 
0 

1 

J2 

a 
E 

J2 

o. 
E 

0 

J2 

Q. 

E 

M 

D. 

E 

0 

! 

0 

0 

F 

5 

—  0 
r2 

£ 

"*- 

CO 

»- 

0 

O 

0 

0 

km 

O 

0 

5 

(0 

0 

O 

re 

co 
O 

co 

c 
O 

co 

3 

3 
X 

O 

O 

o  = 
O 

0 

w 

1- 

T3 
0 

0 

0 

£> 

<0 

T3 
C 
3 
O 

m 


- 

FP 

FP 

- 

FP 

FP 

MP 

MP 

FP 

MP 

MP 

MP 

FP 

FP 

FP 

FP 

FP 

FP 

- 

- 

- 

MP 

FP 

- 

FP 

- 

- 

FP 

- 

- 

FP 

- 

- 

- 

- 

FP 

FP 

FP 

FP    - 

- 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

- 

MP 

FP 

- 

- 

- 

FP 

- 

- 

- 

FP    - 

- 

MP 

MP 

MP 

MP 

MP 

MP 

FP 

FP 

- 

FP 

FP 

- 

- 

- 

FP 

FP 

MP 

FP 

FP    - 

X 

FP 

FP 

MP 

FP 

FP 

FP 

- 

FP 

FP 

FP 

FP 

- 

FP 

- 

FP 

FP 

FP 

- 

FP    - 

- 

_ 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

_ 

_ 

FP 

_ 

FP 

_ 

_ 

X 

MP 

MP 

FP 

MP 

MP 

MP 

MP 

MP 

MP 

MP 

FP 

FP 

UK 

FP 

MP 

FP 

FP 

FP 

- 

X 

FP  MP  FP  MP  MP  FP  -  FP  -  FP  MP  FP  -  FP  FP  FP  FP  - 
FP  -  -  -  -  FP  MP  -  FP  MP  -  -  FP  MP  -  MP  - 
MP    MP    MP    MP    FP    -       MP    FP    MP    MP    FP    FP    FP    FP    FP    FP    FP 


FP    FP 


FP    MP    MP    FP    MP    MP    - 

FP    MP    MP    MP    MP    FP    - 

FP    FP    -       FP    FP    - 


FP 


FP 


FP    FP    FP    FP    FP    -       FP    FP 
-       -       -       -       -       MP    -       - 


FP    - 


FP  - 

MP    MP   -  - 

FP    - 

FP    FP    -  FP 

FP    -  - 


16  Mount  Jefferson 

17  Mount  Jefferson 

18  Mount  Washington 

19  Mount  Washington 

20  Three  Sisters 


FP  FP  MP  MP  MP  - 

MP  MP  MP  MP  MP  - 

FP  FP  FP  FP  FP  FP  - 

-   FP  FP  -  -   -   - 

FP  MP  MP  FP  MP  MP  - 


FP  FP  -   FP  FP  FP 
FP  FP  FP  - 


FP  FP 


FP  FP 


FP 


FP  FP  MP  FP 

FP  -   - 

-   -  FP  - 

FP  FP  -   - 

FP  MP  - 


21  Three  Sisters 

22  Diamond  Peak 

23  Diamond  Peak 

24  Mountain  Lake 

25  Gearhart  Mountain 


MP    MP    MP    MP    MP    MP    FP    FP    FP    FP    FP    FP    - 
_       _       _       _       _       _       _       .       _       FP    -       -       - 

FPFP-FP    ----------- 

-       -       FP    FP    -       FP    -       -       -       FP    -       -       -       -       FP    - 

FPFP-FP    ---------- 


FP     FP 
FP    FP    - 


26  Wild  Rogue 

27  Kalmiopsis 

28  Marble  Mountain 

29  South  Warner 

30  Thousand  Lakes 


-  FP    ----------- 

FP-FP    --------- 

FP    MP    FP    MP    MP    FP    -       FP    FP    FP    FP    FP    - 
-       -       FP    FP    -       FP    FP    -       FP    FP    - 

-  FP    FP--FP    ------- 


FP    FP    FP    FP    - 
FP    -       -       -       - 
FP    FP    FP    FP    FP    FP 


FP     FP 


31  Caribou 

32  Yolla  Bolly-Middle  Eel 

33  Desolation 

34  Mokelumne 

35  Mokelumne 


FP  FP  FP  FP  FP  FP  -  -  -  FP  FP  -   -   FP  -  -   -  - 

FP  FP  MP  FP  MP  MP  FP  FP  FP  FP  FP  -   -   FP  -   -  - 

MP  MP  MP  MP  FP  MP  FP  FP  FP  FP  FP  -   FP  FP  FP  FP  FP  - 

FP  FP  -  FP  FP  -  -  -  - FP  FP  - 

FP  FP  FP  FP  FP  -  FP  FP  FP  FP  FP  -   -   FP  FP  -  - 


FP 
FP 


36  Emigrant 

37  Hoover 

38  Hoover 

39  Minarets 

40  Minarets 


FP    MP    FP    FP  MP    FP    FP  MP    -  MP  MP    -  MP  -  MP    FP  MP    FP    -       -       X 

MP    FP    FP  MP    FP    FP  FP    FP  FP  FP    FP  FP  -  FP    -  MP    FP    - 

MP    FP    -  -       FP    -  -       -  -  -       -  -  -  FP    -  FP    -       FP    -       X 

FP    FP    FP    -  FP    MP    FP  -       -  FP  -       -  -  -  FP    FP  FP    - 

MP    MP   -  FP    FP    -  MP    FP  -  FP    FP  -  FP  FP    FP  MP    FP    FP    -       X 


41  Kaiser 

42  John  Muir 

43  John  Muir 

44  Golden  Trout 

45  Golden  Trout 


MP  MP  FP  FP  FP  -   MP  MP  FP  -   FP  -   -   FP  -   FP  -   - 
MP  MP  MP  MP  MP  FP  MP  MP  FP  MP  MP  FP  -   -   FP  FP  FP  FP  FP 
FP  MP  FP  FP  FP  -   FP  FP  FP  FP  -   FP  FP  FP  FP  FP  FP  -   MP 


FP  FP  -   FP  FP 


FP  FP  - 


See  footnotes  at  end  of  table  30,  p.  29 
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Table  30.— (con.) 


Recreation-caused 

resource 

problems3 

Other  recreation-caused  impacts8 

Human- 

Human- 

Packstock- 

Packstock- 

caused 

caused 

caused 

caused 

E 

(A 

vegetation 

soil 

vegetation 

soil 

c 

impact 

impact 

impact 

impact 

c 
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(A 
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<o 
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<A 
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> 
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c 
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^ 

'35 
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^ 
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CL 
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o> 

C 
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T3 
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© 
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» 

a 
F 

.2 

a 
E 

0) 

«> 

Q. 

E 
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» 

a 

E 

a 

S 

0) 

k. 

ra 

F 

s 

—  © 
c  "1 

£ 

2 

i- 

« 

CO 

a 

— . 

w 
O 

(0 

(0 

O 

« 

25 

a 

(0 

o 

w 

5 

c 
O 

ra 

_j 

3 
X 

o 

k. 

O 

oJ 
O 

ra 

— . 

_: 
i- 

I 

TO 

— . 

ra 

■o 
e 

3 

o 
m 


46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 

50  San  Gabriel 

51  Cucamonga 

52  San  Gorgonio 

53  San  Jacinto 

54  Aqua  Tibia 

55  Jarbidge 

56  Selway-Bitterroot 

57  Selway-Bitterroot 

58  Selway-Bitterroot 

59  Selway-Bitterroot 

60  Sawtooth 


FP  FP  -   FP  FP  FP  FP  FP  FP  FP  FP  FP  - 

FP  MP  FP  FP  FP  FP  FP  -   -   -   -   -   FP  -  FP  FP  FP  FP  -   -   X 

FP  FP  ---------  FP-FP---- 

FP  MP  -   -  MP  -   -   FP  -   -   -   -   -   -  FP  FP  FP  -   FP  - 

FP  FP  FP  MP  FP  -   -   -   -   -   -   -   -   FP  MP  FP  MP  FP  MP  MP  - 

MP  MP  MP  FP  FP  FP  -   -   -   -   -   -   -   -   MP  -   -   -   MP  MP  - 

FP  FP  -   FP  FP  -   -   -   -   -   -   -   FP  -   FP  FP  -   -   -   - 

-   -   -   FP  FP  FP  -   -   -   -   -   -   -   FP  FP  MP  MP  -   -   -   - 

FP--FP----------------X 

FPFPFP---FPFPFP-----------X 


FP  FP  FP  -   FP  FP  MP  MP  FP  MP  MP  FP  - 
MP  FP  MP  MP  FP  -   MP  FP  MP  MP  FP  FP 

MP  MP  MP  FP  MP  MP  MP  MP  MP  MP  MP  MP  FP 
FP-FP-----FP--- 
FP  MP  FP  -   FP  -   FP  - 


FP  FP  FP  FP  FP 

FP  FP  FP  FP  FP 

MP  FP  FP  FP  FP 

FP  FP  - 


61  Gospel  Hump 

62  Cabinet  Mountains 

63  Mission  Mountains 

64  Great  Bear 

65  Bob  Marshall 

66  Bob  Marshall 

67  Scapegoat 

68  Scapegoat 

69  Scapegoat 

70  Gates  of  the  Mountain 


FP  FP  -  -   FP  FP  FP  FP  FP  FP  FP  - 

FP  FP  FP  MP  FP  -  FP  FP  -  -   FP  FP 

FP  MP  FP  FP  MP  FP  FP  FP  -  FP  FP  -  - 

-   -   -  -  FP  FP  -  -  -  MP  MP  FP  FP 

FP  FP  FP  -  -   -  FP  FP  FP  MP  FP  FP  - 


FP  -   FP  FP  - 

FP  -   FP  FP  - 

FP  FP  -  -  - 

FP  -  - 

FP  -   -  FP  - 


FP  -  FP  FP  FP  - 

FP  -  FP  FP  - 

FP  FP  FP  FP  FP  -   FP 

FP  FP  -  FP  FP  - 

FP  -  FP  FP  - 


FP 

- 

- 

FP 

FP 

FP 

FP 

FP 

FP 

- 

FP 

- 

FP 

- 

- 

FP 

MP 

FP 

FP 

FP 

FP 

FP 

FP 

_ 

FP 

- 

FP 

FP 

FP 

FP 

FP 

- 

- 

- 

F  P 

- 

- 

- 

71  Welcome  Creek 

72  Anaconda-Pintler 

73  Anaconda-Pintler 

74  Anaconda-Pintler 

75  Absaroka-Beartooth 


FP  MP  FP  FP  MP  FP  -  -   -   FP  -   -   -  -  -   -   -   -   - 

FP  FP  FP  FP  FP  -  FP  -   FP  FP  FP  - 

MP  MP  FP  FP  -  -  FP  FP  FP  FP  -   -  FP  -   FP  FP  -   FP 

FP  MP  FP  FP  FP  FP  FP  FP  FP  FP  FP  FP  -  -  FP  FP  - 

FP  MP  FP  FP  FP  FP  FP  MP  MP  MP  MP  MP  FP  FP  MP  MP  FP  FP  - 


76  Absaroka-Beartooth 

77  North  Absaroka 

78  Washakie 

79  Fitzpatrick 

80  Teton 


MP    FP    -  FP  FP  -       MP  -  FP    FP  -  - 

FP     FP     -  FP  FP  FP     FP  FP  FP     FP  FP  FP 

-  -       -       -  FP  -  -       -  -  FP    FP  FP  FP 
FP    FP    MP    FP  FP  FP  FP    FP  FP  MP   MP  FP  - 

-  -       -       -  -  -  MP    FP  FP  MP    FP  FP  - 


FP    MP   MP    - 
FP    - 

FP    -       FP    - 
FP    FP    FP    FP 
FP     - 


FP 


81  Bridger 

82  Savage  Run 

83  Lone  Peak 

84  Lone  Peak 

85  Mount  Zirkel 


MP    MP    MP    MP  FP    FP    FP    FP    FP    MP  FP    FP    MP    -       MP    FP    MP    FP    - 

_       _       .       Fp  ______  FP    -------- 

FP    -       MP  FP    -       -       -       -       -  -       -       -       MP    FP    FP    FP    - 

FP    FP    FP  FP    FP    -       FP    -       FP  -       -       FP    FP    FP    FP    FP    -       FP 


FP    FP    FP 


FP    - 
FP    FP    FP    FP    FP 


FP    X 


FP    FP 


86  Rawah 

87  Flat  Tops 

88  Flat  Tops 

89  Indian  Peaks 

90  Eagles  Nest 

See  footnotes  at  end  of  table  30,  p.  29 


MP    FP    FP  FP    FP  FP  FP  -  FP  FP  -  -       - 

FP     -        MP    FP  -        FP  -  FP  MP  FP  FP  FP  MP    - 

FP    FP    FP    MP  MP    MP  FP  FP  FP  FP  FP  FP  - 

FP    MP   MP    FP  MP   MP  -  -  -  -  -  -  FP    FP 


MP 

FP 

FP    - 

- 

MP    FP 

- 

- 

- 

y. 

MP    FP 

FP 

FP 

- 

X 

FP 

MP 

FP 

FP    - 

- 

FP     FP     FP     FP     FP     FP 


FP     FP     FP     MP    MP    FP     FP     FP    X 
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Table  30.  -(con.) 


Recreation-caused 

resource 

problems9 

Other  recreation-caused  impacts8 

Human- 

Human- 

Packstock- 
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caused 
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91  Maroon  Bells-Snowmass 

92  Hunter  Fryingpan 

93  West  Elk 

94  La  Garita 

95  Weminuche 


MP   MP   MP   MP   MP   -       FP 


FP    - 


FP    FP    MP    FP    - 


FP    FP    -       FP    FP    FP    FP    FP    FP    FP    FP    -       FP    FP    FP    -       -       - 

FP    MP    MP    -       FP    FP    FP    MP    -       MP    FP    -       -       FP    MP    FP    FP    FP    - 

FP    -       FP    FP    FP    FP    MP    -       FP    FP    -       FP    -       FP    FP    FP     FP    - 


96  Weminuche 

97  Sycamore  Canyon 

98  Sycamore  Canyon 

99  Sycamore  Canyon 
100  Pine  Mountain 


FP  FP  FP  -  FP  FP 

FP  -   -  -  - 

FP  MP  FP  - 

FP  FP  FP  FP  FP  FP 

FP  FP  -   FP  FP  - 


MP  MP  FP  FP  FP  FP 
-  -  -  -  -  FP 
FP  -   -   -   -   - 


FP  FP  MP  FP 


FP  - 


FP 


FP  FP  FP  - 
FP  FP  - 
FP  -   FP  - 


MP 
FP  - 


101  Mazatzal 

102  Sierra  Ancha 

103  Superstition 

104  Mount  Baldy 

105  Galiuro 


MP  MP  -  MP  MP  MP  MP  MP  MP  MP  MP  MP 

FP  -  -  FP  -  FP  MP  -   MP  MP  - 

MP  MP  -  MP  MP  -  MP  MP  -   MP  MP  - 

FP  -  FP  FP  -  -  -   -   FP  - 


FP------X 

FP  FP  FP  -  -  -  X 
MP  MP  MP  MP  MP  MP  MP  - 
-  FP  -  FP  MP  -  -  X 
_       _       _       _       _       _       _       x 


106  Pusch  Ridge 

107  Chiricahua 

108  Wheeler  Peak 

109  San  Pedro  Parks 

110  Chama  River  Canyon 

111  Pecos 

112  Pecos 

113  Manzano  Mountains 

114  Sandia  Mountains 

115  Gila 


FP 

- 

- 

FP 

- 

- 

- 

- 

- 

- 

- 

- 

MP 

- 

FP 

FP 

- 

FP 

FP 

FP    X 

- 

FP 

FP 

FP 

MP 

MP 

FP 

MP 

MP 

FP 

MP 

FP 

FP 

MP 

FP 

- 

- 

FP 

- 

- 

- 

- 

-       X 

- 

FP 

FP 

MP 
FP 

FP 

FP 

- 

FP 

- 

FP 

FP 

- 

- 

- 

FP 

FP 

-       X 

FP 

MP 

MP 

FP 

MP 

MP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

MP 

MP 

FP 

FP 

FP 

FP 

MP 

MP 

MP 

MP 

MP 

MP 

FP 

FP 

FP 

MP 

FP 

MP 

MP 

FP 

MP 

FP 

MP 

FP 

MP 

FP    - 

FP 

MP 

- 

FP 

MP 

- 

- 

- 

- 

- 

- 

- 

- 

- 

FP 

- 

- 

- 

- 

-       X 

FP 

FP 

MP 

MP 

FP 

MP 

- 

- 

- 

FP 

- 

FP 

MP 

FP 

MP 

FP 

FP 

MP 

FP 

- 

- 

- 

- 

- 

FP 

- 

- 

FP 

- 

- 

FP 

- 

- 

- 

FP 

FP 

FP 

_ 

- 

- 

116  White  Mountain  -       -       -       FP    -       FP    -       -       -       FP    -       FP    -       -       FP    -       -       FP    FP    -       X 

117  Boundary  Waters  Canoe  Area     -       FP    --       FP-       ------       --FP-FPFP    MP   -X 

118  Rainbow  Lake  _____________________ 

119  Whisker  Lake  ______________       FP    FP    -       -       -       -       X 

120  Blackjack  Springs  FP    FP    FP    FP    FP    FP    -       -       -       -       -       -       -       -       -       FP    -       -       FP    - 

121  Hercules  Glades  FP    -       -       FP    -----------       FP    -       -       -       - 

122  Upper  Buffalo  -       FP    FP    FP    FP    FP    --------------       X 

123  Caney  Creek  -___       FP    ---------------       X 

124  Bristol  Cliffs  -       -       FP    FP    -       FP    ------       FP    -------       X 

125  Lye  Brook  FP    FP    FP    FP    FP    MP   -       -       -       -       -       -       -       -       FP    -       FP    -       -       -       X 


126  Great  Gulf 

127  Presidential-Dry  River 

128  Dolly  Sods 

129  Otter  Creek 

130  Beaver  Creek 

131  James  River  Face 

132  Gee  Creek 

133  Joyce  Kilmer-Slickrock 

134  Joyce  Kilmer-Slickrock 

135  Cohutta 


MP   MP   MP  MP   MP   MP   - 

MP    MP    MP  MP    MP    MP   - 

FP    -  MP    FP    -       - 

FP    FP    FP  FP    FP    FP    - 

FP    FP  -       -       FP    - 


FP 
FP 


FP  - 

FP  - 

FP  FP 

FP  - 

FP    -  - 


FP 

FP 


FP 


FP 

-  FP 
FP    - 

-  FP 


FP    FP  -       MP    FP    -       -       -       -       -       -       -       -       -       FP    - 

-       -  -       -       -       -       -       -       -       -       -       -       -       UK    FP    FP 

FP  ------------       FPFP 

FP  -       FP    FP    FP    -       -       -       -       -       -       -       -       FP- 
FP   -  -       FP    -       -       FP    -       -       FP    -       -       -       -       FP- 


FP   - 


FP 


FP    FP    FP 
-       -       FP 


See  footnotes  at  end  of  table  30,  p  29 
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Table  30.— (con) 
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caused 
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136  Cohutta 

137  Linville  Gorge 

138  Shining  Rock 

139  Ellicott  Rock 

140  Ellicott  Rock 

141  Sipsey 

142  Bradwell  Bay 

F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

144  Salmon  Trinity  Alps 

145  High  Sierra 

146  Salmon  River  Breaks 

147  Salmon  River  Breaks 

148  Idaho 

149  Idaho 

150  Idaho 

151  Spanish  Peaks 

152  Cloud  Peak 


FP  FP  -   -   -   -   -   -   -   -   FP  FP  FP  -   FP  - 

MP  MP  FP  FP  FP  -   -   -   -   -   -   -   -   MP  MP  FP  FP  FP  - 

MP  FP  MP  MP  -   -   -   -   -   -   -   -   FP  -   FP  -   FP  -   FP  - 

FP  ------------------ 

FP  MP  FP  FP  -   -   -   -   -   -   -   -   FP  -   FP  FP  FP  -   FP  - 

FP  FP  -   FP  FP  -  MP  FP  FP  FP  - 

-   -   -   FP  ----------------   X 


FP  FP  FP  FP  FP  FP  -  FP  -  FP  FP  FP  -  -  -  FP  FP  FP  - 

FP  FP  FP  MP  FP  -  FP  FP  FP  FP  -  -  FP  MP  FP  FP  -  FP  FP  - 

FP  FP  FP  MP  MP  MP  FP  FP  FP  MP  MP  MP  -  -  FP  FP  - 

FP  FP  MP  MP  FP  FP  FP  FP  FP  MP  FP  FP  FP  -  MP  FP  FP  FP  -  -  X 

FP  FP  -  FP  FP  -  -  -  FP  FP  FP  MP  -  FP  FP  - 

FP  -   -  FP  FP  -  FP  FP  -   FP  FP  -  FP  FP  FP  FP  FP  -  -  - 

FP  -   FP  FP  FP  FP  MP  FP  FP  FP  -  -  -  FP  FP  -  -  -  -  - 

FP  MP  MP  FP  FP  FP  FP  FP  FP  FP  FP  FP  -  -  FP  FP  FP  -  -  -  X 

FP  MP  MP  -  FP  FP  -  FP  FP  -   FP  FP  -  -  FP  MP  FP  FP  -  -  - 


153  Glacier 

154  Popo  Agie 

155  High  Unitas 

156  High  Uintas 

157  Uncompahgre 

158  Wilson  Mountains 

159  Wilson  Mountains 

160  Blue  Range 

161  Blue  Range 

162  Gila 

163  Aldo  Leopold-Black  Range 

NPS  WILDERNESS 

164  Haleakala 

165  Hawaii  Volcanoes 

166  Lava  Beds 

167  Lassen  Volcanic 

168  Point  Reyes 


_   .   _   FP-----FP  ----------- 

FP  MP  FP  MP  MP  FP  FP  MP  FP  MP  MP  -   -   -   MP  MP  MP  FP  - 

FP  FP  FP  FP  FP  -   -   FP  -   FP  MP  -   -   -   FP  FP  FP  -   FP  - 

MP  MP  FP  MP  -   -   -   FP  MP  FP  FP  -   FP  MP  FP  MP  FP  -   -   X 
FP  FP  FP  FP  FP  FP  FP  -   -   -   -   -   -   -   FP  -   FP  FP  -   -   X 

FP  FP  FP FP FP 

FP  FP  FP  FP  FP  -   -   -   FP 

FP  FP  FP - X 

X 

FP  -----------   FP-----X 

FP  -   -   -   -   -   FP  -   -   FP  -  FP  -   FP  -   FP  -  X 

_   FP  -   -   FP  ---------  FP  -----  X 

FP  FP  FP  -   FP  FP  FP  -   -   FP  -   -   -   FP  FP  -   FP  FP  -   -  X 

MP  MP  FP  MP  MP  FP  MP  FP  FP  MP  FP  FP  FP  FP  FP  FP  -   -   FP  - 


169  Pinnacles  -       -       MP   -       -       MP   ------       FP    -  -X 

170  Joshua  Tree  FP    -----------       FP    -       FP    FP    -       -       FP    ■        X 

171  Craters  of  the  Moon  FP    ----------- 

172  Black  Canyon  ot  the  Gunnison  -       MP   MP   -       -       -       -       -       -       -       -       -       FP    -       FP    FP    MP   - 

173  Great  Sand  Dunes  _______---------       FP    -       -       -       X 

174  Mesa  Verde  _____--------------- 

175  Petrified  Forest  ------------ 

176  Organ  Pipe  Cactus  -       -       -       FP    --------       FP    -  -X 

177  Saguaro  -       -       -       FP    FP    -       -       -       -       FP    FP    -       -       -       FP    FP    -       -       FP    - 

178  Chiricahua  _       _       -       FP    ----------------- 

See  footnotes  at  end  of  table  30,  p  29 
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Table  30.— (con.) 
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esource 
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179  Bandelier 

180  Carlsbad  Caverns 

181  Guadalupe  Mountains 

182  Theodore  Roosevelt 

183  Badlands 

184  Isle  Royale 

185  Buffalo  National  River 

186  Shenandoah 

187  Everglades 

188  Gulf  Islands 

NPS  PROPOSED  WILDERNESS 

189  Mount  McKinley 

190  Katmai 

191  Glacier  Bay 

192  North  Cascades  Complex 

193  Olympic 

194  Mount  Rainier 

195  Crater  Lake 


FP 

MP 

FP 


MP    FP    FP    MP    FP    FP 
FP    -       -       -       - 
FP    -       -       FP    - 
FP    - 
FP    -       -       FP    - 


FP 


FP 


FP  -   FP  FP 

FP  ■ 

FP 


FP 


FP  MP  FP  FP  MP  -  -  -  -  -  -  -  FP  FP  -   -   FP  FP  FP 

FP  FP  FP  FP  FP  -  -  -  -  -  -  -  -  FP  -   -  -   FP 

FP    FP    FP  FP  FP    FP  -  -  -  -  -  -  FP  UK  MP    -        FP  - 

FP    MP    -  FP  MP    -  -  -  -  -  -  -  FP  -  FP    FP    FP  MP    - 

_       _       _  _  _       _  _  _  _  .  _  _  FP  -  MP    -        -  -       - 


FP    FP    FP 


FP 
MP 

FP 
FP 


FP 
MP 

FP 


FP 
FP 
FP 

MP 
FP 
FP 


FP     FP     FP     - 


FP 
MP 
FP 
FP 


FP     FP 


FP     - 
MP    FP 


FP 
FP 


FP    - 


FP 


FP 


FP    - 


FP 


rvir    - 

„ 

_ 

_       .       .       . 

MP    - 

- 

FP 

FP    FP    - 

_ 

FP     - 

- 

- 

_ 

- 

FP     - 

FP 

FP 

FP    -       FP    - 

X 

FP    - 

FP 

FP 

FP    - 

- 

- 

FP 

FP 

FP    -       - 

- 

196  Yosemite 

197  Sequoia-Kings  Canyon 

198  Death  Valley 

199  Glacier 

200  Yellowstone 

201  Grand  Teton 

202  Dinosaur 

203  Rocky  Mountain 

204  Colorado 

205  Zion 

206  Cedar  Breaks 

207  Bryce  Canyon 

208  Capitol  Reef 

209  Canyonlands 

210  Arches 

211  Cumberland  Gap 

212  Great  Smoky  Mountains 

F&WS  WILDERNESS 

213  San  Juan  Islands 

214  Red  Rocks  Lakes 

215  Crab  Orchard 


MP    FP  MP  MP    FP  -  FP    -  MP  FP  FP  MP  FP  FP    FP  FP    FP  - 

MP    MP    FP  MP  MP    FP  FP  FP    FP  FP  FP  FP  FP  -  MP    FP  FP    FP  FP 

FP     FP     -  -  FP     -  -  -        -  FP  FP  -  MP  -  FP     FP  - 

FP    FP    FP  FP  FP    -  FP  FP    -  -  -  -  MP  -  -       FP  FP    -  FP 

MP    FP  FP  MP    FP  -  MP    -  FP  FP  -  FP  -  FP    FP  FP    FP  - 


_ 

MP 

FP 

_ 

MP 

FP     -        -        - 

FP 

_ 

FP 

FP 

FP 

_ 

_               _ 

_ 

FP 

FP 

FP 

FP 

FP 

FP     - 

-       -       -       FP 

- 

- 

- 

- 

FP 

- 

- 

- 

FP 

FP 

FP 

MP 

FP     -        -        - 

-       -       -       FP 

MP 

MP 

FP 

FP 

FP 

FP     - 

- 

FP 

FP 

FP 


-       -       -       FP    FP    FP 
FP    -       -       MP    -       - 


FP 


FP 


FP    MP    - 
FP    MP   - 


FP    FP 

FP     - 


FP    MP    - 
MP    MP    - 


FP 


MP    -       FP 


FP     FP 
FP    FP 


FP    FP 
MP    FP 


FP 


FP 


FP 


MP   -       FP    FP    FP 
MP    FP    FP    FP    FP 


FP 


FP    - 
MP    FP 


MP 


216  Mingo  _____________________ 

217  Wichita  Mountains  FP    -       FP    FP    -       FP    -       -       -       -       -       -       -       -       FP    -       FP    FP    FP    - 

218  Lacassine  ______________       fp    ______ 

219  Breton  ____________       MP   -------       X 

220  Monomy  ---_________       pp_FP_FP    ____ 

See  footnotes  at  end  of  table  30,  p.  29 


28 


Table  30.— (con.) 
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221  Great  Swamp 

222  Cape  Romain 

223  Blackbeard  Island 

224  Wolf  Island 

225  Okefenokee 


FP    -       -       FP    -       -       -       -       -       -       -       -       FP    -       FP    FP    FP    -       FP    -       X 

FP    -       FP    FP    -       -       -       -       X 


226  Cedar  Keys 

227  Chassahowitzka 

228  Passage  Key 

229  J.N.  "Ding"  Darling 

F&WS  PROPOSED  WILDERNESS 

230  Aleutian  Islands 

231  Nunivak 

232  Kenai 

233  Kenai  Lakes 

234  Hart  Mountain 


FP  - 
FP  - 
MP  - 


FP  FP  -   FP  FP  -   -   -   -   -   -   -   -   FP  FP  FP  - 

_  _   FP  ------------- 

FP  -  -   FP  -   -   FP  FP  FP  FP  FP  FP  FP  -   FP  FP  - 

MP  FP  FP  MP  MP  FP  -   -   -   -   -   -   -   -   FP  FP  FP 

_   FP  ------------   FP-- 


235  Havasu 

236  Charles  M.  Russell 

237  Desert 

238  Kofa 

239  Cabeza  Prieta 


FP 


FP  FP 


MP  - 


FP  - 


FP 


FP 


FP  FP 


MP 
FP 


MP 


FP 
FP 


240  Missiquoi 

241  Parker  River 


FP    - 


FP    - 
FP 


MP    - 
FP    - 


MP   - 
FP     FP     MP    FP     MP    - 


BLM  PRIMITIVE  AREAS 

242  Chamise  Mountain 

243  Humbug  Spires 

244  Beartrap  Canyon 

245  Centennial  Mountains 

246  Scab  Creek 


FP    FP    MP  FP    FP 

FP    -       FP  FP    FP 

MP    MP    MP    MP  MP    MP 

MP  - 


FP 

FP 


FP 


MP 


247  Powderhorn 

248  Paria  Canyon 

249  Dark  Canyon 

250  Grand  Gulch 

251  Paiute 


FP  FP 
FP  - 
-   -   FP 
MP  MP  FP 


FP  FP 


FP  FP  FP  FP  FP  FP 


FP  FP  - 


FP 

FP  FP  FP 
-   -   FP  -   FP  FP  - 
FP  FP  FP  -   FP  -   FP  FP 


252  Aravaipa  Canyon 


FP    FP 


FP 


FP     FP 


a(MP)-a  problem  in  many  places;  (FP)-a  problem  in  a  lew  places;  (-)-not  a  problem 
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Table  31.— Carrying  capacity,  rationing,  and  permits 


F.S.  WILDERNESS 

1  Pasayten 

2  Glacier  Peak 

3  Glacier  Peak 

4  Alpine  Lakes 

5  Alpine  Lakes 

6  Goat  Rocks 

7  Goat  Rocks 

8  Mount  Adams 

9  Wenaha-Tucannon 

10  Eagle  Cap 

11  Hells  Canyon 

12  Hells  Canyon 

13  Strawberry  Mountain 

14  Mount  Hood 

15  Mount  Jefferson 

16  Mount  Jefferson 

17  Mount  Jefferson 

18  Mount  Washington 

19  Mount  Washington 

20  Three  Sisters 

21  Three  Sisters 

22  Diamond  Peak 

23  Diamond  Peak 

24  Mountain  Lake 

25  Gearhart  Mountain 

26  Wild  Rogue 

27  Kalmiopsis 

28  Marble  Mountain 

29  South  Warner 

30  Thousand  Lakes 

31  Caribou 

32  Yolla  Bolly-Middle  Eel 

33  Desolation 

34  Mokelumne 

35  Mokelumne 

36  Emigrant 

37  Hoover 

38  Hoover 

39  Minarets 

40  Minarets 

41  Kaiser 

42  John  Muir 

43  John  Muir 

44  Golden  Trout 

45  Golden  Trout 

See  footnotes  at  end  of  table  31 ,  p. 35 
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Carrying 
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0) 

o 

E 
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CO 

_T 
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a> 

(A 

a> 

o 

iZ 
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issued  for: 
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(A 
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46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 

50  San  Gabriel 


41_90--------------D 

332       15-------------XD 

4        1  _________        __---_       d 

32-         ------_--------D 

332       55-------------XD 


51  Cucamonga 

52  San  Gorgonio 

53  San  Jacinto 

54  Aqua  Tibia 

55  Jarbidge 

56  Selway-Bitterroot 

57  Selway-Bitterroot 

58  Selway-Bitterroot 

59  Selway-Bitterroot 

60  Sawtooth 

61  Gospel  Hump 

62  Cabinet  Mountains 

63  Mission  Mountains 

64  Great  Bear 

65  Bob  Marshall 

66  Bob  Marshall 

67  Scapegoat 

68  Scapegoat 

69  Scapegoat 

70  Gates  of  the  Mountain 

71  Welcome  Creek 

72  Anaconda-Pintler 

73  Anaconda-Pintler 

74  Anaconda-Pintler 

75  Absaroka-Beartooth 

76  Absaroka-Beartooth 

77  North  Absaroka 

78  Washakie 

79  Fitzpatrick 

80  Teton 

81  Bridger 

82  Savage  Run 

83  Lone  Peak 

84  Lone  Peak 

85  Mount  Zirkel 

86  Rawah 

87  Flat  Tops 

88  Flat  Tops 

89  Indian  Peaks 

90  Eagles  Nest 

See  footnotes  at  end  of  table  31 ,  p  35 


134  -        Y        Y      75      25         -      01        X         -         -         -        X        X        X         -        - 
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31-UK--------------D 

41_       50        --------------- 

32-       50        --------------- 
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31-50-------------X- 

32-14-------------X0 
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332       25        -------------X- 
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432       50        -------------X- 

332—        -------------X- 
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41_     500         --------------- 

42-  100        --------------- 

331  20  --------------- 

12-  20  --------------- 

42-  50  --------------- 

332  25  -------------X- 

331       50        -------------X- 

32-40-------------X- 

42-100-------------X0 

32-30-------------X0 

3        2       -       30        -------------       X       C 

432  20        -------------X- 
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3        3       2       15        P        -      75      25        -        -        -        X        -        -        X        -        X        -       C 
432       10        -------------X- 

33125-------------XD 

432-P------X--X-X-- 

432      UK        -------------X- 
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Table  31. —(con.) 


91  Maroon  Bells-Snowmass 

92  Hunter  Fryingpan 

93  West  Elk 

94  La  Garita 

95  Weminuche 
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Carrying 
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Q 
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4  3        1- 

4  1        -      UK 

3  2       -       30 

3  2       -       30 

3  2-100 


-    100 


96  Weminuche 

97  Sycamore  Canyon 

98  Sycamore  Canyon 

99  Sycamore  Canyon 

100  Pine  Mountain 

101  Mazat7al 

102  Sierra  Ancha 

103  Superstition 

104  Mount  Baldy 

105  Galiuro 

106  Pusch  Ridge 

107  Chiricahua 

108  Wheeler  Peak 

109  San  Pedro  Parks 

110  Chama  River  Canyon 

111  Pecos 

112  Pecos 

113  Manzano  Mountains 

114  Sandia  Mountains 

115  Gila 

116  White  Mountain 

117  Boundary  Waters  Canoe  Area 

118  Rainbow  Lake 

119  Whisker  Lake 

120  Blackjack  Springs 

121  Hercules  Glades 

122  Upper  Buffalo 

123  Caney  Creek 

124  Bristol  Cliffs 

125  Lye  Brook 

126  Great  Gulf 

127  Presidential-Dry  River 

128  Dolly  Sods 

129  Otter  Creek 

130  Beaver  Creek 

131  James  River  Face 

132  Gee  Creek 

133  Joyce  Kilmer-Slickrock 

134  Joyce  Kilmer-Slickrock 

135  Cohutta 

See  footnotes  at  end  of  table  31 ,  p.  35 
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Table  31. —(con.) 


Ration 


136  Cohutta 

137  Linville  Gorge 

138  Shining  Rock 

139  Ellicott  Rock 

140  Ellicott  Rock 

141  Sipsey 

142  Bradwell  Bay 

F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

144  Salmon  Trinity  Alps 

145  High  Sierra 

146  Salmon  River  Breaks 

147  Salmon  River  Breaks 

148  Idaho 

149  Idaho 

150  Idaho 

151  Spanish  Peaks 

152  Cloud  Peak 

153  Glacier 

154  Popo  Agie 

155  High  Unitas 

156  High  Uintas 

157  Uncompahgre 

158  Wilson  Mountains 

159  Wilson  Mountains 

160  Blue  Range 

161  Blue  Range 

162  Gila 

163  Aldo  Leopold-Black  Range 

NPS  WILDERNESS 

164  Haleakala 

165  Hawaii  Volcanoes 

166  Lava  Beds 

167  Lassen  Volcanic 

168  Point  Reyes 

169  Pinnacles 

170  Joshua  Tree 

171  Craters  of  the  Moon 

172  Black  Canyon  of  the  Gunnison 

173  Great  Sand  Dunes 
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174  Mesa  Verde 

175  Petrified  Forest 

176  Organ  Pipe  Cactus 

177  Saguaro 

178  Chiricahua 

See  footnotes  at  end  of  table  31 ,  p.  35 
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25      75 


25      75 


NPS  PROPOSED  WILDERNESS 

189  Mount  McKinley 

190  Katmai 

191  Glacier  Bay 

192  North  Cascades  Complex 

193  Olympic 

194  Mount  Rainier 

195  Crater  Lake 

196  Yosemite 

197  Sequoia-Kings  Canyon 

198  Death  Valley 

199  Glacier 

200  Yellowstone 

201  Grand  Teton 

202  Dinosaur 

203  Rocky  Mountain 

204  Colorado 

205  Zion 

206  Cedar  Breaks 

207  Bryce  Canyon 

208  Capitol  Reef 

209  Canyonlands 

210  Arches 


22-20Y-100----X--X-X-0 

42-UK-------------XD 

4       2      -     100       X       - 

1        32       25Y-100---XX----X-- 
32-05Y-75      25-05--X-XXX-- 
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32-     100        --------------C 
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42-       50        --------------- 

12--Y-100---XX----X-- 

332     100Y-100---X-----X-- 

234  0       0      10       -     90     60       -       X       -       -       X 

12-         -Y-      78      22-10        XX--XXX-- 

42-         --------------       X        - 

32-20-------------XC 

41_  UK  --------------- 
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41-  300  --------------C 

31-  200  --------------- 

41_  100  -------------       X       - 


211  Cumberland  Gap 

212  Great  Smoky  Mountains 


UK 
20 


15      84 
28      72 


15 
02 


F&WS  WILDERNESS 

213  San  Juan  Islands  4 

214  Red  Rocks  Lakes  3 

215  Crab  Orchard  4 

216  Mingo  4 

217  Wichita  Mountains  3 

218  Lacassine  4 

219  Breton  4 

220  Monomy  3 
See  footnotes  at  end  of  table  31 ,  p. 35 


^        --------------- 

40       --------------- 

50       --------------- 

100-------------X- 
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UK-------------XC 
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221  Great  Swamp 

222  Cape  Remain 

223  Blackbeard  island 

224  Wolf  Island 

225  Okefenokee 
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226  Cedar  Keys 

227  Chassahowitzka 

228  Passage  Key 

229  J.N.  "Ding"  Darling 


3  1-200 
1  1-400 

4  1       -         - 
4  1       -         - 


F&WS  PROPOSED  WILDERNESS 

230  Aleutian  Islands  3  2 

231  Nunivak  4  1 

232  Kenai  4  2 

233  Kenai  Lakes  3  2 

234  Hart  Mountain  3  1 


-  UK 

-  100 


25 


235  Havasu 

236  Charles  M.  Russell 

237  Desert 

238  Kofa 

239  Cabeza  Prieta 

240  Missiquoi 

241  Parker  River 


10 
100 
100 

100 
20 


-    100 


95      05 


0i 


BLM  PRIMITIVE  AREAS 

242  Chemise  Mountains 

243  Humbug  Spires 

244  Beartrap  Canyon 

245  Centennial  Mountains 

246  Scab  Creek 


4  1 

4  1 

4  1 

4  1 

4  1 


50 
20 
20 
20 


247  Powderhorn 

248  Paria  Canyon 

249  Dark  Canyon 

250  Grand  Gulch 

251  Paiute 


3  2  50 
2  -  100 
2-55 
1       -     100 


1 


5000 


252  Aravaipa  Canyon 


20 


50 


OHimits  established  throughout  area;  (2)-limits  established  for  some  parts;  (3)-limits  estimated  for  some  parts;  (4)-unable  to  estimate  limits. 

(l)-capacity  never  exceeded;  (2)-sometimes  exceeded  in  places;  (3)-usually  exceeded  in  places;  (4)-usually  exceeded  throughout  area 

Overuse  controlled  by:  (1)-local  dispersal  or  control;  (2)-dispersal  to  other  parts  of  the  area  but  some  parts  still  underused;  (3)-dispersal  to  other 

parts  of  the  area  with  all  parts  at  capacity;  (4)-redistribution  not  sufficient,  total  use  must  be  reduced. 

Amount  by  which  use  could  be  increased  (%);  '-)use  cannot  be  increased. 

(Y)-use  is  rationed;  (P)-rationing  planned  in  1-2  years;  (-)no  plans  to  ration;  (0)-one  type  of  use  is  rationed. 

(0)-one  type  of  day  use  is  rationed;  (Y)-day  use  is  rationed. 

(C)-permit  required  for  overnight  use  only;  (D)-permit  required  for  day  and  overnight  use;  (O)-permit  required  for  one  type  of  use  only 
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Table  32.— Party-size,  length-of-stay,  access,  and  site  hardening 


F.S.  WILDERNESS 

1  Pasayten 

2  Glacier  Peak 

3  Glacier  Peak 

4  Alpine  Lakes 

5  Alpine  Lakes 

6  Goat  Rocks 

7  Goat  Rocks 

8  Mount  Adams 

9  WenahaTucannon 
10  Eagle  Cap 


Party 

-size 

Length 

limit' 

s 

of-stay 

Access  Control 

limits 

(days)" 

Q> 

a> 

<A 

'55 

TO 

a 

TO 

(A 

■o 

TO 

U 

TO   TO 

o  c 

'to 

u 

_  c 

2  c 
—  a> 

Q. 

<D 

o 

a. 
O 
a> 

O 

o 

E 

TO 
O 

c 

ID 

0> 
<A 
O 

■o  E 

0) 

0> 
(A 

o 

0)  c 
3  « 

■o  E 
fl) 

0. 

V) 

< 

o 

oc 

o 

oc 

Site-Hardening  and  Facilities 

(A 

<A 

a> 

<A 

a> 

3 

o 

O 

(A 

C 
0) 

«0 

3 

■*-' 

a> 

E 

>> 

"O  <A 

■*- 

** 

(A 

o> 

3 

ss 

a> 

o 

o 

<A 

c 
■> 

TO 

a 

TO 

<A 
V 

structe 
epiace 
native 
asses 

(0 

a> 

TO-n 
I! 

o 

c 

o 
a. 

O 

■o 

<D 
(A 
O 

o 

'a. 

c 

w 

c 

TO 

o 

TO 

J= 

o 

§" 

TO 

S* 

g 

h 
o 

O 

c 

Q. 

(A 

TO 

TO 

TO 

TO 

(0 

O 

z 

1- 

o. 

> 

o 

LU 

o 

H 

H 

1- 

t- 

12 

18 

12 

15 

12 

15 

C 

C 

12 

12 

12 

15 

12 

6 

12 

- 

X--X-X--X----X-X 

XX--XX-------X-- 

X--------X-- 

X--------X-- 

X  X  X  X 


11  Hells  Canyon 

12  Hells  Canyon 

13  Strawberry  Mountain 

14  Mount  Hood 

15  Mount  Jetterson 


X  X 

X 


16  Mount  Jefferson 

17  Mount  Jefferson 

18  Mount  Washington 

19  Mount  Washington 

20  Three  Sisters 


21  Three  Sisters 

22  Diamond  Peak 

23  Diamond  Peak 

24  Mountain  Lake 

25  Gearhart  Mountain 


20 


26  Wild  Rogue 

27  Kalmiopsis 

28  Marble  Mountain 

29  South  Warner 

30  Thousand  Lakes 


25 
25 
V 


31  Caribou 

32  Yolla  BollyMiddle  Eel 

33  Desolation 

34  Mokelumne 

35  Mokelumne 


25 

V 

25 

25 

25 


36  Emigrant 

37  Hoover 

38  Hoover 

39  Minarets 

40  Minarets 


15 
15 
25 
25 
25 


20 
20 


14 
V 

V 


41  Kaiser 

42  John  Muir 

43  John  Muir 

44  Golden  Trout 

45  Golden  Trout 


25 
25 
25 
25 
25 


15 
V 


46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 

50  San  Gabriel 


25 
25 
25 

c 

25 


51  Cucamonga 

52  San  Gorgonio 

53  San  Jacinto 

54  Aqua  Tibia 

55  Jarbidge 


02 


UK 


See  footnotes  at  end  ot  table  32,  p  40 
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Table  32.— (con) 


Party 

•size 

Length 

limit3 

of-stay 

Access  Control 

limits 

(days)6 

0) 

CD 
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0) 
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CO 

CD 

n 

CO 

nj  co 
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J2 
'<5 

u 

li 

—  0) 

Q. 

CD 

o 

w 

0> 

a. 
o 

o 

o 

E 

CO 

o 

c 

0) 

0) 

<a 

O 

a> 

<A 
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7?E 

CD 

0) 

CO 
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(/> 

< 

O 

cc 

O 

CC 

Site-Hardeni 

ng  and  Facilities 

(A 

(A 

0) 

(A 

0> 

3 

o 

O 

XT 

(A 

c 

0) 

CA 

3 

** 

a> 

E 

>. 

T3  (A 

<A 

o> 

3 

iJr 

CO 

u 
o 

<A 

CO 

k. 

II 

§>«A 

.2  0) 

2  <A 

(A 
0) 

C0^ 

li 

o 

1a 
o 
o. 

O 

a> 

(A 

o 

o 

'5. 
c 

(0 

c 
ca 
o 

JZ 

C 
'> 
CO 

a 

1 

CO 

a> 

O*" 

§S> 

CO 

s* 

s 

b 
o 

o 

c 

co 

Q. 

in 

CO 

CO 

co 

(0 

to 

O 

^ 

h- 

Q. 

> 

o 

LU 

o 

1- 

t- 

1- 

1- 

56  Selway-Bitterroot 

20 

20 

57  Selway-Bitterroot 

20 

20 

58  Selway  Bitterroot 

20 

20 

59  Selway-Bitterroot 

20 

20 

60  Sawtooth 

20 

30 

61   Gospel  Hump 

- 

- 

62  Cabinet  Mountains 

- 

- 

63  Mission  Mountains 

64  Great  Beat 

V 

V 

65  Bob  Marshall 

15 

35 

66  Bob  Marshall 

67  Scapegoat 

68  Scapegoat 

69  Scapegoat 

70  Gates  ol  the  Mountain 


71  Welcome  Creek 

72  AnacondaPintler 

73  AnacondaPintler 

74  AnacondaPintler 

75  Absaroka-Beartooth 


15  20 

15  20 

15  20 


76  Absaroka-Beartooth 

77  North  Absaroka 

78  Washakie 

79  Fitzpatrick 

80  Teton 

81  Bridger 

82  Savage  Run 

83  Lone  Peak 

84  Lone  Peak 

85  Mount  Zirkel 


20 

)5 

20 

id 

20 

Ml 

V 

V 

0 

86  Rawah 

87  Flat  Tops 

88  Flat  Tops 

89  Indian  Peaks 

90  Eagles  Nest 


91  Maroon  Bells-Snowmass 

92  Hunter  Fryingpan 

93  West  Elk 

94  La  Garita 

95  Weminuche 

96  Weminuche 

97  Sycamore  Canyon 

98  Sycamore  Canyon 

99  Sycamore  Canyon 
100  Pine  Mountain 


101  Mazatzal 

102  Sierra  Ancha 

103  Superstition 

104  Mount  Baldy 

105  Galiuro 


0 

25 

- 

14 

X 

X 

x 

X 

0 

25 

14 

14 

X 

X 

X 

X 

25 

25 

14 

14 

X 

X 

X 

X 

6-12 

6-12 

- 

14 

- 

- 

- 

- 

106  Pusch  Ridge 

107  Chiricahua 

108  Wheeler  Peak 

109  San  Pedro  Parks 

110  Chama  River  Canyon 

See  footnotes  at  end  of  table  32.  p  40 


20 

:o 

15 

15 

12 

06 
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Table  32.— (con.) 


Party 

■size 

Length 

limit1 

ofstay 

Access  Control 

limits 

(days)b 

9 

0) 

"5 

£ 

(Q 

(0 

■o 
a 

u 

to  w 
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J2 

to 

u 

_  c 

2  c 

—  <D 

& 

© 

o 

u. 

Q. 
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0) 

8 

E 

(0 

u 

C 

a> 

9 
(A 
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■o  E 
a> 

9 

(0 

o 

0)  c 

3  2 
■o  E 

Q. 
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< 

c 

o 

DC 

o 

OC 

Site-Hardening  and  Facilities 

<a 

(A 

(A 

0) 

3 

-^- 

o 

O 

(A 

c 

0) 

(A 

3 

■*J 

•— 

a> 

E 

>> 

"O  (A 

<a 

o> 

3 

Sm 

a> 
u 

o 

<A 

a 

<a 

it 

«  w 

.2  a) 

2  <A 
9  SB 

<A 

• 

re^ 
51 

11 

9 
"5 

c 

to 

o 
a. 

O 

■o 
a 

(A 

o 

o 

*-* 

'a. 

<A 

C 

re 

o 

£ 

c 
"> 
re 

a. 

| 

a 

0) 

o~ 

g& 

re 

P 

"5 
re 

b 
o 

u 

c 

& 

(A 

re 

re 

re 

re 

(0 

u 

Z 

l- 

a 

> 

o 

UJ 

u 

l- 

l- 

»- 

»- 

1 1 1   Pecos 

15 

10 

112  Pecos 

15 

15 

113  Manzano  Mountains 

114  Sandia  Mountains 

- 

- 

115  Gila 

25 

- 

30 

30 


116  White  Mountain 

117  Boundary  Waters  Canoe  Area 

118  Rainbow  Lake 

119  Whisker  Lake 

120  Blackjack  Springs 


30 


121  Hercules  Glades 

122  Upper  Buffalo 

123  Caney  Creek 

124  Bristol  Cliffs 

125  Lye  Brook 

126  Great  Gulf 

127  Presidential-Dry  River 

128  Dolly  Sods 

129  Otter  Creek 

130  Beaver  Creek 


06 


14-21 
14-21 


X  X 

X 


131  James  River  Face 

132  Gee  Creek 

133  Joyce  KilmerSlickrock 

134  Joyce  KilmerSlickrock 

135  Cohutta 


136  Cohutta 

137  Linville  Gorge 

138  Shining  Rock 

139  Ellicott  Rock 

140  Ellicott  Rock 


03 


141  Sipsey 

142  Bradwell  Bay 


F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

144  Salmon  Trinity  Alps 

145  High  Sierra 

146  Salmon  River  Breaks 

147  Salmon  River  Breaks 


25 
25 
25 
20 
15 


20 
10 


148  Idaho 

149  Idaho 

150  Idaho 

151  Spanish  Peaks 

152  Cloud  Peak 


V 
30 
10 
20 


V 

20 

15 


153  Glacier  20  30-  -           --__._____-__- 

154  Popo  Agie  20  30-  -           ______________ 

155  High  Unitas  20  15-  -            ---_...          _          _          _          .          .          x          X 

156  High  Uintas  15  20-  -           ---______-___. 

157  Uncompahgre  -  -           -  -           ---_______x--- 

158  Wilson  Mountains  -  -           -  -           ---__-____--_- 

159  Wilson  Mountains  -  -           -  -           ----X--------- 

160  Blue  Range  -  -           14-  -_..__________ 

161  Blue  Range  -  -           -  30----X--------- 

162  Gila  25-  -  30          ---------X---- 

163  Aldo  Leopold-Black  Range  20  30-  30-----.--.X--X- 

See  footnotes  at  end  of  table  32,  p.  40 
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Table  32.— (con.) 


Party 

■size 

Length 

limit* 

of-stay 

Access  Control 

limits 

(days)b 

0) 

a> 

(A 

"<a 

n 

CD 
« 

<A 

(0 

o 

o  c 
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<5 
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Q. 
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o 
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o 

E 
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o 
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0) 
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O 
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a> 
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o 
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a> 

CD 

* 

Q. 

v> 

< 

O 

oc 

O 

oc 

NPS  WILDERNESS 

164  Haleakala 

165  Hawaii  Volcanoes 

166  Lava  Beds 

167  Lassen  Volcanic 

168  Point  Reyes 

169  Pinnacles 

170  Joshua  Tree 

171  Craters  ot  the  Moon 

172  Black  Canyon  ol  the  Gunnison 

173  Greal  Sand  Dunes 


10 
25 


or 


Site-Hardening  and  Facilities 

a* 

(A 

a> 

(A 

a> 

H_ 

"5 

o 

(7 

<A 

c 
a) 

<A 

"O  <A 

3 

a> 

<A 

O) 
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a> 

E 
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■> 

(0 

a. 
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(0 
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CD 

a>  a> 
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9  w 

(0 

o 

0) 

o 

c 

O 
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a> 

(A 

o 

o 
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c 
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<A 

(0 
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S* 

3 
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o 

u 

c 

CD 

a. 

<A 

CO 

<0 

« 

TO 

V) 

o 

z 

1- 

a. 

> 

O 

LU 

O 

1- 

H- 

t- 

t- 

07 
03 


ill 
30 


1 74  Mesa  Verde 

175  Petrified  Forest 

176  Organ  Pipe  Cactus 

177  Saguaro 

178  Chiricahua 

179  Bandelier 

180  Carlsbad  Caverns 

181  Guadalupe  Mountains 

182  Theodore  Roosevelt 

183  Badlands 

184  Isle  Royale 

185  Buffalo  National  River 

186  Shenandoah 

187  Everglades 

188  Gulf  Islands 

NPS  PROPOSED  WILDERNESS 

189  Mount  McKinley 

190  Katmai 

191  Glacier  Bay 

192  North  Cascades  Complex 

193  Olympic 

194  Mount  Rainier 

195  Crater  Lake 

196  Yosemite 

197  Sequoia-Kings  Canyon 

198  Death  Valley 

199  Glacier 

200  Yellowstone 

201  Grand  Teton 

202  Dinosaur 

203  Rocky  Mountain 

204  Colorado 

205  Zion 

206  Cedar  Breaks 

207  Bryce  Canyon 

208  Capitol  Reef 

209  Canyonlands 

210  Arches 

211  Cumberland  Gap 

212  Great  Smoky  Mountains 

F&WS  WILDERNESS 

213  San  Juan  Islands 

214  Red  Rocks  Lakes 

215  Crab  Orchard 


See  footnotes  at  end  of  table  32,  p  40 
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- 
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X 
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15  -  1-7         15----XXX-X---XX---- 

10  -  02  -  -  -  x         X  -------------  - 

14-----X--X-X------- 

30  ...         X  -------  - 
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12  15-  -  ---  X  -------  X 
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25  25-  14----X  ------- 

25         20         1-2-  ----------  X  -  -         X  -  -  -  - 

X-------- 

12  10         1-3         6  _  -  -  X  -  X  X  -----  X  X  -  -  -  X 

V  V  -  14-30        X-  XX---X---XX---- 

2  .  ------------         X         X  -  -  -  - 
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14-  X--------------  "- 

12  8  -  14-X--X-------X--X-- 

5  -  3  5  ------------------ 

14  -  -  -  -  -  X  ------------  " 

V  v         -         -         _        -        -        -        x        ---------        - 

xx--x----------xx- 


10 


1-3 
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Table  32.— (con.) 
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■size 

Length 
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Access  Control 
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3 
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re 

<0 

o 

_C 

1- 

0. 

> 

o 

UJ 

o 

K 

t- 

1- 

1- 

111  Pecos 

15 

10 

07 

30 

112  Pecos 

15 

15 

- 

30 

113  Manzano  Mountains 

114  Sandia  Mountains 

- 

- 

14 

- 

115  Gila 

25 

- 

- 

30 

116  White  Mountain 

_ 

- 

- 

30 

117  Boundary  Waters  Canoe  Area 

10 

- 

24 

- 

118  Rainbow  Lake 

- 

- 

- 

14 

119  Whisker  Lake 

- 

- 

- 

14 

120  Blackjack  Springs 

- 

- 

14 

14 

121  Hercules  Glades 

122  Upper  Buffalo 

123  Caney  Creyk 

124  Bristol  Cliffs 

125  Lye  Brook 


0b 


14-21 
14-21 


126  Great  Gulf 

127  Presidential-Dry  River 

128  Dolly  Sods 

129  Otter  Creek 

130  Beaver  Creek 


131  James  River  Face 

132  Gee  Creek 

133  Joyce  KilmerSlickrock 

134  Joyce  KilmerSlickrock 

135  Cohutta 


136  Cohutta 

137  Linville  Gorge 

138  Shining  Rock 

139  Ellicott  Rock 

140  Ellicott  Rock 


141  Sipsey 

142  Bradwell  Bay 


F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

144  Salmon  Trinity  Alps 

145  High  Sierra 

146  Salmon  River  Breaks 

147  Salmon  River  Breaks 


25 
25 
25 
20 
15 


20 

10 


148  Idaho 

149  Idaho 

150  Idaho 

151  Spanish  Peaks 

152  Cloud  Peak 


V 
30 
10 
20 


V 

20 

15 


153  Glacier  20  30-  -            -__-_-________ 

154  Popo  Agie  20  30-  -            ----_________- 

155  High  Unitas  20  15-  -           .._--.._____         X         X 

156  High  Uintas  15  20-  -           ______________ 

157  Uncompahgre  -  -           -  -           ________         _         _         x         -         -         - 

158  Wilson  Mountains  -  -           -  -           _--__--_.__-_- 

159  Wilson  Mountains  -  -           -  -           -___x--------- 

160  Blue  Range  -  -           14-  ______________ 

161  Blue  Range  -  -           -  30_---X--------- 

162  Gila  25-            -  30------___X--_- 

163  Aldo  Leopold-Black  Range  20  30-  30---------X--X- 

See  footnotes  at  end  of  table  32.  p.  40 
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Table  32.— (con.) 
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(if, 
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01 
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180  Carlsbad  Caverns 

181  Guadalupe  Mountains 

182  Theodore  Roosevelt 

183  Badlands 

184  Isle  Royale 

185  Buffalo  National  River 

186  Shenandoah 

187  Everglades 

188  Gulf  Islands 


14 
06 
20 


02 
14 


1-7 
02 


X  -  X  - 

X  -  - 

X  -  - 

XXX 
X  -  - 


X  -  X 

X 


NPS  PROPOSED  WILDERNESS 

189  Mount  McKinley 

190  Katmai 

191  Glacier  Bay 

192  North  Cascades  Complex 

193  Olympic 

194  Mount  Rainier 

195  Crater  Lake 


V 

1? 


12 
12 
06 


on 

OS 
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X  X 
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X 
X  X 

X  X 
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198  Death  Valley 
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25         25 
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12 

V 


10         1-3         6 

V  -         14-30      X 
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211  Cumberland  Gap 

212  Great  Smoky  Mountains 


F&WS  WILDERNESS 

213  San  Juan  Islands 

214  Red  Rocks  Lakes 

215  Crab  Orchard 

See  footnotes  at  end  of  table  32,  p  40 
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Table  32.— (con.) 
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222  Cape  Romain 

223  Blackbeard  Island 

224  Wolf  Island 
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226  Cedar  Keys 

227  Chassahowitzka 

228  Passage  Key 

229  J.N.  "Ding"  Darling 
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230  Aleutian  Islands 

231  Nunivak 

232  Kenai 

233  Kenai  Lakes 

234  Hart  Mountain 


235  Havasu 

236  Charles  M  Russell 

237  Desert 

238  Kofa 

239  Cabeza  Prieta 


240  Missiquoi 

24 1  Parker  River 


i,ii 


BLM  PRIMITIVE  AREAS 

242  Chemise  Mountain 
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244  Beartrap  Canyon 
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246  Scab  Creek 


X 

X  X 


247  Powderhorn 

248  Paria  Canyon 

249  Dark  Canyon 

250  Grand  Gulch 

251  Paiute 


25 


252  Aravaipa  Canyon 


(V>party  size  limit  varies  by  travel  zone,  (C)-limit  composed  of  a  combination  ot  hikers  and  horses,  (O)-limits  on  one  type  of  use  only. 
(V>length  ot  stay  limit  varies  by  travel  zone. 
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Table  33.  — Packstock  and  campsite  management 
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45  Golden  Trout 


A 

A 

A       A 


00 
00 


46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 
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so 


See  footnotes  at  end  of  table  33,  p  46 
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See  footnotes  at  end  of  table  33,  p.  46 
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140  Ellicott  Rock 


ion 


141  Sipsey 

142  Brad  well  Bay 


F.S.  PRIMITIVE  AREAS 
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144  Salmon  Trinity  Alps 
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146  Salmon  River  Breaks 

147  Salmon  River  Breaks 


See  footnotes  at  end  of  table  33,  p  46 
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152  Cloud  Peak 
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179  Bandelier 

180  Carlsbad  Caverns 

181  Guadalupe  Mountains 

182  Theodore  Roosevelt 

183  Badlands 


A  - 
A  A 
A       A 
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See  footnotes  at  end  of  table  33,  p  46 
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See  footnotes  at  end  of  table  33,  p  46 
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(A)-applies  to  all  users;  (C)-applies  for  only  commercial  users  (outfitters,  packers,  etc .). 

(A>-applies  throughout  area;  (Supplies  in  selected  areas  only. 

Percent  of  closures  that  are  temporary;  (-)-no  campsites  closed 

(PKIosed  permanently;  (T>closed  temporarily;  (B)-both  (some  permanent,  some  temporary) 

(1)-remove  all  rings;  (2)-leave  one  ring  per  camp;  (3)-remove  rings  from  "undesirable"  camps;  (4)-no  ring  removal 
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Table  34.  — Minimum  impact,  use  dispersal,  nonconforming  uses,  planning  and  administration 
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26  Wild  Rogue 

27  Kalmiopsis 

28  Marble  Mountain 

29  South  Warner 

30  Thousand  Lakes 

31  Caribou 

32  Yolla  Bolly-Middle  Eel 

33  Desolation 

34  Mokelumne 

35  Mokelumne 

36  Emigrant 

37  Hoover 

38  Hoover 

39  Minarets 

40  Minarets 

41  Kaiser 

42  John  Muir 

43  John  Muir 

44  Golden  Trout 

45  Golden  Trout 

See  footnotes  at  end  of  table  34,  p  52 


XD-  -H  HHHP-H------HP--  6 

X--  --  HHH-P--H-----PP-  2 

XBH  --  H-H---HH---HHHP-  5 

X-H  --  H-----HH-----PP-  1 

X--  --  ___-___H-----H--  1 

-   -   H  --  -------H-----HP-  2 

X--  -H  -HH---HH-----HP-  4 

XBH  --  HH----PH---H-HP-  4 

XDH  --  -HH---HH-----PP-  4 

XDH  --  --H----H-----PP-  0 

XBP  HP  H-P---HP---H-PH-  6-8 

XBH  --  HH----HH-----HH-  4-5 

XB-  --  -HH---HH-----HP-  1 

XDP  --  -HH----H-H---PP-  2 

XBH  --  HHHH--HH-H-H-HP-  9 

_   _   h  --  -------------FP-  2 

XDH  --  HHH----H-----HP-24 

XBH  -H  HHH---HH-H-H-HP-20 

X-H  -P  HHHH--H------P--  4 

XDH  HP  H-H--H-H-HHHHPP-  3 
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Table  34.— (con.) 


46  Domeland 

47  Ventana 

48  Santa  Lucia 

49  San  Rafael 

50  San  Gabriel 

51  Cucamonga 

52  San  Gorgonio 

53  San  Jacinto 

54  Aqua  Tibia 

55  Jarbidge 

56  Selway-Bitterroot 

57  Selway-Bitterroot 

58  Selway-Bitterroot 

59  Selway-Bitterroot 

60  Sawtooth 

61  Gospel  Hump 

62  Cabinet  Mountains 

63  Mission  Mountains 

64  Great  Bear 

65  Bob  Marshall 

66  Bob  Marshall 

67  Scapegoat 

68  Scapegoat 

69  Scapegoat 

70  Gates  of  the  Mountain 

71  Welcome  Creek 

72  Anaconda-Pintler 

73  Anaconda-Pintler 

74  Anaconda-Pintler 

75  Absaroka-Beartooth 

76  Absaroka-Beartooth 

77  North  Absaroka 

78  Washakie 

79  Fitzpatrick 

80  Teton 

81  Bridger 

82  Savage  Run 

83  Lone  Peak 

84  Lone  Peak 

85  Mount  Zirkel 

86  Rawah 

87  Flat  Tops 

88  Flat  Tops 

89  Indian  Peaks 

90  Eagles  Nest 

See  footnotes  at  end  of  table  34,  p.  52 
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91  Maroon  Bel Is-Snowmass 

92  Hunter  Fryingpan 

93  West  Elk 

94  La  Garita 

95  Weminuche 
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106  Pusch  Ridge 
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108  Wheeler  Peak 
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110  Chama  River  Canyon 
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116  White  Mountain 
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118  Rainbow  Lake 

119  Whisker  Lake 

120  Blackjack  Springs 

121  Hercules  Glades 

122  Upper  Buffalo 

123  Caney  Creek 

124  Bristol  Cliffs 

125  Lye  Brook 
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126  Great  Gulf 

127  Presidential-Dry  River 

128  Dolly  Sods 

129  Otter  Creek 

130  Beaver  Creek 

131  James  River  Face 

132  Gee  Creek 

133  Joyce  Kilmer-Slickrock 

134  Joyce  Kilmer-Slickrock 

135  Cohutta 

See  footnotes  at  end  of  table  34,  p  52 
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136  Cohutta 

137  Linville  Gorge 

138  Shining  Rock 

139  Ellicott  Rock 

140  Ellicott  Rock 

141  Sipsey 

142  Brad  well  Bay 

F.S.  PRIMITIVE  AREAS 

143  Salmon  Trinity  Alps 

144  Salmon  Trinity  Alps 

145  High  Sierra 

146  Salmon  River  Breaks 

147  Salmon  River  Breaks 

148  Idaho 

149  Idaho 

150  Idaho 

151  Spanish  Peaks 

152  Cloud  Peak 

153  Glacier 

154  Popo  Agie 

155  High  Unitas 

156  High  Uintas 

157  Uncompahgre 

158  Wilson  Mountains 

159  Wilson  Mountains 

160  Blue  Range 

161  Blue  Range 

162  Gila 

163  Aldo  Leopold-Black  Range 

NPS  WILDERNESS 

164  Haleakala 

165  Hawaii  Volcanoes 

166  Lava  Beds 

167  Lassen  Volcanic 

168  Point  Reyes 

169  Pinnacles 

170  Joshua  Tree 

171  Craters  of  the  Moon 

172  Black  Canyon  of  the  Gunnison 

173  Great  Sand  Dunes 

1 74  Mesa  Verde 

175  Petrified  Forest 

176  Organ  Pipe  Cactus 

177  Saguaro 

178  Chiricahua 

See  footnotes  at  end  of  table  34,  p  52 
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179  Bandelier 

180  Carlsbad  Caverns 

181  Guadalupe  Mountains 

182  Theodore  Roosevelt 

183  Badlands 
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206  Cedar  Breaks 

207  Bryce  Canyon 

208  Capitol  Reef 

209  Canyonlands 

210  Arches 
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-  -       P  --  -PH------HH--HP-         2 

X-H  --  -HH---------H---15 

XDP  --  -PH-H---H-H---P-         0 


211  Cumberland  Gap 

212  Great  Smoky  Mountains 


H 


H      H 


10 
25 


F&WS  WILDERNESS 

213  San  Juan  Islands 

214  Red  Rocks  Lakes 

215  Crab  Orchard 

216  Mingo 

217  Wichita  Mountains 

218  Lacassine 

219  Breton 

220  Monomy 

See  footnotes  at  end  of  table  34,  p  52 


_  .  H--H---------H--  0 

H        H-  ---H--H------PHH  0 

-  -  -       -       -       -       P-H---H--PH-  0 

-  -  -      -      H---P---H--H--  0 

-  -  -       -       -       -       -       -       H---H--HHH  0 

_  _  _      __h------------  0 

_  _  _      _      _      .      _      .      _      _      _      _      _      _      _      _      _      _  1 

-  -  H-----H------PH-  0 
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Table  34.— (con.) 
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2 
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E 
re 

A 
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re 
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Q. 

E 

ra 

0 

o 

w 

E 

a 

re 

3 

(A 

o> 

E 

V 
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°p 
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0  3 

15  = 
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(A 

3 

re 
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E 
E 
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o 

75 
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o 
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& 

o 
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(A 

C 

2 

re 

E 
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o 
"5 

w 

a> 

c 

CA 
© 
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To 

3 
"5 

o 

o 

E 

■o 
0 
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o 
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o 
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■o 
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o 
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0 

r 

c 
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& 
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o> 

c 
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o 

o 

(0 
0 
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U 

'E 

o 

u 
0 

s» 

0.E 
o 

0 

z 

£ 

S 

re 
0 
0 
0 

0 
U 
(0 

To 

c 
o 

re 

0 

w 

0 

> 

cc 

i 

0 
o> 
re 

c 
ra 

E 

o 

> 
ra 

re® 

MS 

C_ 

ra  ra 

H 

O 
£ 

O 

0 
0 

a 
0 

(A 

E.0 

u 

n 
9 

LL. 

LL 

O 

£ 

o 

< 

< 

< 

iZ 

U) 

cc 

CC 

Z 

X 

X 

3 

Q. 

221  Great  Swamp 

222  Cape  Romain 

223  Blackbeard  Island 

224  Wolf  Island 

225  Okefenokee 


D     - 


H  - 
H  H 
H     H 


-  H      -      H      H      H 
P      -      -      -      H      - 

-  -      -      -      H      H 


H      H 


H      H 


H  -  - 

P  -  - 

-  H  - 

-  H  - 
P  P  H 


226  Cedar  Keys 

227  Chassahowitzka 

228  Passage  Key 

229  J.N.  "Ding"  Darling 

F&WS  PROPOSED  WILDERNESS 

230  Aleutian  Islands 

231  Nunivak 

232  Kenai 

233  Kenai  Lakes 

234  Hart  Mountain 


H     - 


H      P 


H 


H 

H 

P      - 

H 

H 

H 

H 

- 

H 

H      - 

H 

H 

- 

H 

- 

- 

- 

H 

- 

- 

H 

H      - 

H 

H 

H 

H 

- 

H 

- 

H 

H 

- 

- 

H      - 

H 

H 

- 

H 

- 

H 

- 

H 

H 

H 

- 

- 

H 

- 

- 

- 

H 

- 

H 

- 

H 

H 


235  Havasu 

236  Charles  M.  Russell 

237  Desert 

238  Kofa 

239  Cabeza  Prieta 

240  Missiquoi 

241  Parker  River 

BLM  PRIMITIVE  AREAS 

242  Chemise  Mountain 

243  Humbug  Spires 

244  Beartrap  Canyon 

245  Centennial  Mountains 

246  Scab  Creek 


_  _  _      _  _      p_H---------PP-  0 

-  H  PP  P-H---H-----HPP-  0 
D-  --  -HH-H-H-H-H---P-  1 

-  P  --  HHH---H-HH------  0 

-  P  --  HHH-H-H-H-H-----  0 

_  _  _      _  H---H-----H-----  0 

_  _  _      h  _----__--      H      H     -      -      -      -      -  0 

_  _  _      _  _      _      _      .      _      _      _      _      _      _      _      _      _      _      _      _  -| 

-  H  -P  P-H----------P--  0 

-  -  -      -  H-H-----H----PH-  0 

-  P  --  -P-----H-P-H-P--  0 

-  H  --  --H----H-----HP-  1 


247  Powderhorn 

248  Paria  Canyon 

249  Dark  Canyon 

250  Grand  Gulch 

251  Paiute 


XDP  H-  --H-H-HP-----HH-  2 

X-P  --  HHH----HH----HP-  1 

XD-  --  -HP-----------H-  4 

XD-  --  -HH---------HHH-  5 

-      -      p  --  _      H      H     ----------      H      P      -  0 


252  Aravaipa  Canyon 


X      D 


H 


H      - 


P      - 


(DHlispersal  within  area;  (0)-dispersal  to  other  areas;  (B)-dispersal  both  within  and  to  other  areas;  (-)-no  dispersal  program. 

(H)-have  in  area;  (P)-have  and  is  a  problem;  (-)-do  not  have  in  area. 

(H)-have  management  plan;  (P)-management  plan  being  prepared  or  planned;  (-)-no  plan  in  preparation. 

(H)-plan  allowing  some  natural  fires  to  burn  exists  now;  (P)-working  toward  plan;  (-)-no  natural  fires  allowed  to  burn. 
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APPENDIX  B— INDEX  TO  AREAS  SURVEYED 


NDEX  1.  AREAS  REPORTED  IN  DETAIL 


Number     Agency      Forest 


Stale 


^bsaroka-Beartooth 

75 

IS 

Gallatin 

MT 

kbsaroka-Beartooth 

76 

IS 

Custer 

MT 

^ldo  Leopold-Black 

163 

IS 

Gila 

NM 

Range 

Ueutian  Islands 

230 

FWS 

— 

AK 

Alpine  Lakes 

4 

FS 

Mt.  Baker- 
Snoqualmie 

WA 

Alpine  Lakes 

5 

FS 

Wenatchee 

WA 

Uiaconda-Pintler 

72 

IS 

Bitterroot 

MT 

inaconda-Pintler 

73 

IS 

Deerlodge 

MT 

^naconda-Pintler 

74 

re 

Beaverhead 

MT 

Vgua  Tibia 

54 

FS 

Cleveland 

CA 

Vravaipa  Canyon 

252 

BLM 

— 

AZ 

Arches 

210 

NPS 

— 

UT 

badlands 

183 

NPS 



SI) 

landelier 

174 

NPS 

— 

NM 

Jeartrap  Canyon 

244 

BLM 

— 

MT 

leaver  Creek 

130 

FS 

Daniel  Boone 

KY 

Jlackbeard  Island 

223 

FWS 

— 

GA 

Jlack  Canyon  of 

172 

NPS 

— 

CO 

the  Gunnison 

Jlackjack  Springs 

120 

FS 

Nicolet 

W] 

Jlue  Range 

160 

FS 

Apache 

AZ 

Jlue  Range 

161 

IS 

(Gila)  Apache 

NM 

Job  Marshall 

65 

IS 

Flathead 

MT 

Job  Marshall 

66 

FS 

Lewis  and 
Clark 

MT 

boundary  Waters 

117 

FS 

Superior 

MN 

Canoe  Area 

Bradwell  Bay 

142 

FS 

Apalachicola 

II 

3reton 

219 

FWS 

— 

LA 

Jridger 

XI 

FS 

Bridger-Teton 

WY 

Bristol  Cliffs 

124 

IS 

Green 
Mountain 

VI 

Bryce  Canyon 

207 

NPS 

— 

III 

Buffalo  National 

185 

NPS 

— 

AK 

River 

Cabeza  Prieta 

234 

FWS 



AZ 

Cabinet  Mountains 

* 

FS 

Kaniksu 

MT 

[Cabinet  Mountains 

62 

FS 

Kootenai 

MT 

Caney  Creek 

123 

FS 

Ouchita 

AK 

Canyonlands 

209 

NPS 

— 

in 

Cape  Romain 

222 

FWS 

— 

SC 

Capitol  Reef 

208 

NPS 

— 

LIT 

Caribou 

31 

FS 

Lassen 

CA 

Carlsbad  Caverns 

180 

NPS 

— 

NM 

Cedar  Breaks 

206 

NPS 

— 

UT 

Cedar  Keys 

226 

FWS 

— 

11 

Centennial 

245 

BLM 

— 

MT 

Mountains 

Chama  River 

* 

FS 

Carson 

NM 

Canyon 

Chama  River 

110 

IS 

Santa  Fe 

NM 

Canyon 

Charles  M.  Russell 

236 

FWS 

— 

MT 

Chassahowitzka 

227 

FWS 

— 

II 

Chemise  Mountain 

242 

BLM 

— 

CA 

Chiricahua 

178 

NPS 

— 

AZ 

Chiricahua 

107 

FS 

Coronado 

AZ 

"Tloud  Peak 

152 

FS 

Bighorn 

WY 

Cohutta 

135 

IS 

Cherokee 

f'N 

Cohutta 

136 

FS 

Chattahoochee 

GA 

Colorado 

204 

NPS 

— 

CO 

Crab  Orchard 

215 

FWS 

— 

II 

Crater  Lake 

195 

NPS 

— 

ok 

Craters  of  the 

171 

NPS 

— 

ID 

Moon 

Cucamonga 

51 

re 

San  Bernar- 
dino 

CA 

Cumberland  Gap 

211 

NPS 

— 

KY 

Dark  Canyon 

244 

BLM 

— 

UT 

Death  Valley 

198 

NPS 

— 

CA 

Desert 

237 

FWS 

— 

NV 

Desolation 

33 

FS 

Eldorado 

CA 

Diamond  Peak 

22 

FS 

Willamette 

OR 

Diamond  Peak 

23 

FS 

Deschutes 

OR 

Dinosaur 

202 

NPS 

— 

CO/UT 

Dolly  Sods 

128 

FS 

Monongahela 

WV 

Dome  Land 

46 

FS 

Sequoia 

CA 

Eagle  Cap 

10 

FS 

Wallowa- 
Whitman 

Ok 

Eagles  Nest 

» 

FS 

Arapaho- 
Roosevelt 

CO 

Eagles  Nest 

90 

IS 

White  River 

CO 

EUicott  Rock 

»* 

IS 

Chattahoo- 
chee 

GA 

EUicott  Rock 

1 39 

IS 

Nantahala 

NC 

Ellicott  Rock 

140 

FS 

Sumter 

SC 

Emigrant 

36 

FS 

Stanislaus 

CA 

Everglades 

187 

NPS 

— 

11 

Fitzpatrick 

74 

FS 

Shoshone 

WY 

Flat  Tops 

87 

IS 

Routt 

CO 

Flat  Tops 

88 

re 

White  River 

CO 

Galium 

105 

IS 

Coronado 

AZ 

Gates  of  the 

70 

FS 

Helena 

MT 

Mountains 

Gearhart  Mountain 

25 

IS 

Fremont 

Ok 

Gee  Creek 

132 

FS 

Cherokee 

IN 

Gila  P.A. 

162 

IS 

Gila 

NM 

Gila  W.A. 

115 

IS 

Gila 

NM 

Glacier 

153 

FS 

Shoshone 

WY 

Glacier 

[99 

NPS 

— 

MT 

Glacier  Bay 

141 

NPS 

— 

Ak 

Glacier  Peak 

2 

FS 

Mt.  Baker- 
Snoqualmie 

WA 

Glacier  Peak 

3 

IS 

Wenatchee 

WA 

Goat  Rocks 

6 

IS 

Wenatchee 

WA 

Goat  Rocks 

7 

FS 

Gifford 
Pinchot 

WA 

Golden  Trout 

4d 

re 

Sequoia 

CA 

Golden  Trout 

45 

IS 

Inyo 

CA 

Gospel  Hump 

61 

FS 

Nezperce 

ID 

Grand  Gulch 

250 

BLM 

— 

UT 

Grand  Teton 

201 

NPS 

— 

WY 

Great  Bear 

64 

FS 

Flathead 

MT 

Great  Gulf 

305 

FS 

White 
Mountain 

NH 

Great  Sand  Dunes 

173 

NPS 

— 

CO 

Great  Smoky 

212 

NPS 

— 

TN/NC 

Mountains 

Great  Swamp 

221 

FWS 

— 

N.I 

Guadalupe 

18! 

NPS 

— 

IX 

Mountains 

Gulf  Islands 

188 

NPS 

— 

II 
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APPENDIX  B— (Con.) 


Area 

Number 

Agency 

Forest 

Stale 

Haleakala 

164 

NPS 

— 

m 

Hart  Mountain 

234 

FWS 

— 

OR 

Havasu 

235 

FWS 

— 

CA/AZ 

Hawaii  Volcanoes 

165 

NPS 

— 

HI 

Hells  Canyon 

* 

FS 

Payette 

ID 

Hells  Canyon 

11 

FS 

Wallowa- 
Whitman 

OR 

Hells  Canyon 

12 

^ 

Nezperce 

ID 

Hercules-Glades 

121 

FS 

Mark  Twain 

MO 

High  Sierra 

»*« 

FS 

Sequoia 

CA 

High  Sierra 

145 

FS 

Sierra 

CA 

High  Uintas 

155 

FS 

Wasatch 

UT 

High  Uintas 

156 

FS 

Ashley 

LIT 

Hoover 

37 

FS 

Toiyabe 

CA 

Hoover 

38 

FS 

Inyo 

CA 

Humbug  Spires 

243 

BLM 

— 

MT 

Hunter  Fryingpan 

92 

FS 

White  River 

CO 

Idaho 

» 

FS 

Boise 

ID 

Idaho 

148 

R 

Payette 

ID 

Idaho 

149 

FS 

Challis 

ID 

Idaho 

150 

FS 

Salmon 

ID 

Indian  Peaks 

89 

fs; 

Arapaho- 
Roosevelt 

CO 

Isle  Royale 

184 

NPS 

— 

MN 

James  Rivei  Face 

131 

FS 

Jefferson 

VA 

Jarbidge 

55 

FS 

Humboldt 

NV 

J.  N.  "Ding" 

229 

FWS 

— 

FL 

Darling 

John  Muir 

42 

re 

Sierra 

CA 

John  Muir 

43 

FS 

Inyo 

CA 

Joshua  Tree 

170 

NPS 

— 

CA 

Joyce  Kilmer- 

133 

FS 

Cherokee 

TN 

She  k  rock 

Joyce  Kilmer- 

134 

re 

Nantahala 

NC 

Slick  rock 

Kaiser 

41 

FS 

Sierra 

CA 

Kalmiopsis 

27 

FS 

Siskiyou 

OR 

Katmai 

190 

NPS 

— 

AK 

Kenai 

232 

FWS 

— 

AK 

Kenai  Lakes 

233 

FWS 

— 

AK 

Kofa 

238 

FWS 

— 

AZ 

Lacassine 

218 

FWS 

_ 

LA 

LaGarita 

•  «» 

FS 

Gunnison 

CO 

LaGarita 

94 

FS 

Rio  Grande 

CO 

Lassen  Volcanic 

167 

NPS 

— 

CA 

Lava  Beds 

166 

NPS 

— 

CA 

Linville  Gorge 

137 

FS 

Pisgah 

NC 

Lone  Peak 

83 

FS 

Wasatch 

UT 

Lone  Peak 

84 

FX 

Uinta 

UT 

Lye  Brook 

125 

re 

Green 
Mountain 

VT 

Manzano 

113 

FS 

Cibola 

NM 

Mountains 

Marble  Mountain 

28 

FS 

Klamath 

CA 

Maroon  Bells- 

91 

FS 

White  River 

CO 

Snowmass 

Mazatzal 

101 

FS 

Tonto 

AZ 

Mesa  Verde 

174 

NPS 



CO 

Minarets 

39 

FS 

Sierra 

CA 

Minarets 

40 

FS 

Inyo 

CA 

Mingo 

216 

FWS 

— 

MO 

Mission  Mountains 

63 

FS 

Flathead 

MT 

Missisquoi 

240 

FWS 

— 

VT 

Mokelumne 

34 

FS 

Eldorado 

CA 

Mokelumne 

35 

FS 

Stanislaus 

CA 

Monomoy 

220 

FWS 

— 

MA 

Mount  Adams 

8 

FS 

Gifford 
Pinchot 

PA 

Mt.  Baldy 

104 

FS 

Apache 

AZ 

Mt.  Hood 

14 

FS 

Mt.  Hood 

OR 

Mt.  Jefferson 

15 

FS 

Mt.  Hood 

OR 

Mt.  Jefferson 

16 

FS 

Willamette 

OR 

Mt.  Jefferson 

17 

FS 

Deschutes 

OR 

Mt.  McKinley 

189 

NPS 

— 

AK 

Mt.  Rainier 

194 

NPS 

— 

WA 

Mt.  Washington 

18 

FS 

Willamette 

OR 

Mt.  Washington 

19 

FS 

Deschutes 

OR 

Mt.  Zirkel 

85 

FS 

Routt 

CO 

Mountain  Lake 

24 

F-S 

Winema 

OR 

North  Absaroka 

77 

FS 

Shoshone 

WY 

North  Cascades 

192 

NPS 

— 

WA 

Complex 

Nunivak 

231 

FWS 

— 

AK 

Okefenokee 

225 

FWS 



GA 

Olympic 

193 

NPS 

— 

WA 

Organ  Pipe  Cactus 

176 

NPS 

— 

AZ 

Otter  Creek 

129 

FS 

Monongahela 

WV 

Paiute 

251 

BLM 

— 

AZ 

Paria  Canyon 

248 

BLM 

— 

UT/AZ 

Parker  River 

241 

FWS 

— 

MA 

Pasayten 

1 

FS 

Okanogan 

WA 

Passage  Key 

228 

FWS 

— 

FL 

Pecos 

111 

FS 

Carson 

NM 

Pecos 

112 

FS 

Santa  Fe 

NM 

Petrified  Forest 

175 

NPS 

— 

AZ 

Pine  Mountain 

* 

FS 

Tonto 

AZ 

Pine  Mountain 

100 

FS 

Prescott 

AZ 

Pinnacles 

169 

NPS 

— 

CA 

Point  Reyes 

168 

NPS 

— 

CA 

Popo  Agie 

154 

FS 

Shoshone 

WY 

Powderhorn 

247 

BLM 

— 

CO 

Presidential 

127 

FS 

White 

NH 

Range-Dry  River 

Mountain 

Pusch  Ridge 

106 

FS 

Coronado 

AZ 

Rainbow  Lake 

118 

FS 

Chequamegon 

WI 

Rawah 

86 

FS 

Arapaho- 
Roosevelt 

CO 

Red  Rock  Lakes 

214 

FWS 

— 

MT 

Rocky  Mountain 

203 

NPS 

CO 

Saguaro 

177 

NPS 



AZ 

Salmon  River 

146 

FS 

Nezperce 

ID 

Breaks 

Salmon  River 

147 

FS 

Bitterroot 

ID 

Breaks 

Salmon  Trinity 

143 

FS 

Klamath 

CA 

Alps 

Salmon  Trinity 

144 

FS 

Shasta-Trinity 

CA 

Alps 

Sandia  Mountains 

114 

FS 

Cibola 

NM 

San  Gabriel 

50 

IS 

Angeles 

CA 

San  Gorgonio 

52 

IS 

San  Bernar- 
dino 

CA 

San  Jacinto 

53 

FS 

San  Bernar- 
dino 

CA 

54 


PPENDIX  B— (Con.) 


Sn  Juan  Islands 
Sin  Rafael 
Sn  Pedro  Parks 
Snta  Lucia 
Jvage  Run 
Jwtooth 
Swtooth 
Jwtooth 
Jab  Creek 
Sapegoat 
5  apegoat 
S  apegoat 
Slway-Bitterroot 
Slway-Bitterroot 
ilway-Bittetroot 
Slway-Bittetroot 
iquoia-Kings 
Canyon 
!  enandoah 
!  ining  Rock 
!:rra  Ancha 
Ijsey 

iuth  Warner 
lanish  Peaks 
i  awberry 
Vlountain 
perstition 
:amore  Canyon 
iamore  Canyon 
pamore  Canvon 


Number     Agency 

FWS 
FS 


213 

49 
109 

48 
82 

60 

• 

246 

67 
68 

69 

56 

57 
58 
54 

197 

186 

138 

102 
141 
29 
151 
13 

103 

97 
98 
99 


FS 

IS 

IS 

IS 

IS 

IS 

BLM 

FS 

IS 

IS 

IS 

IS 

IS 

FS 

NPS 

NPS 

FS 

FS 

IS 
IS 
IS 
IS 

IS 
IS 

IS 
IS 


Forest 

Los  Padres 
Santa  Fe 
Los  Padres 
Medicine  Bow 
Boise 
Sawtooth 
Challis 

Lolo 

Helena 

Lewis  <&  Clark 

Clearwater 

Nezperee 

Bitterroot 

Lolo 


Pisgah 

Tonto 

Bankhead 
Modoc 
Gallatin 
Malheur 

Tonto 
Kaibab 
Prescott 
Coconino 


Stale 

WA 

CA 

NM 

CA 

WY 

ID 

ID 

ID 

WY 

MT 

MT 

MT 

ID 

ID 

MT/1D 

MT 

CA 

VA 

NC 
AZ 

A I 
CA 
MT 

OK 

AZ 
AZ 
AZ 
AZ 


Thousand  Lakes 

JO 

FS 

Lassen 

CA 

Three  Sisters 

20 

IS 

Willamette 

OR 

Three  Sisters 

21 

IS 

Deschutes 

OK 

Uncompahgre 

157 

IS 

Uncompahgre 

CO 

Upper  Buffalo 

122 

FS 

Ozark 

AK 

Ventana 

4^ 

is 

Los  Padres 

(  A 

Washakie 

78 

IS 

Shoshone 

WY 

Welcome  Creek 

71 

FS 

Lolo 

MT 

Weminuche 

95 

IS 

San  Juan 

CO 

Weminuche 

96 

FS 

Rio  Grande 

CO 

Wenaha-Tucannon 

9 

IS 

Umatilla 

OR.WA 

West  Elk 

91 

IS 

Gunnison 

CO 

Wheeler  Peak 

108 

IS 

Carson 

NM 

Whisker  Lake 

119 

FS 

Nicolet 

WI 

White  Mountain 

116 

FS 

Lincoln 

NM 

Wichita  Mountains 

217 

FWS 

— 

OK 

Wild  Rogue 

26 

FS 

Siskiyou 

OR 

Wilson  Mountain 

158 

FS 

Uncompahgre 

CO 

Wilson  Mountain 

159 

FS 

San  Juan 

CO 

Wolf  Island 

224 

FWS 

— 

GA 

Yellowstone 

2(K1 

NPS 

- 

WY/ 

ID/MT 

Yolla-Bolly-Middle 

12 

IS 

Shasta-Trinity 

CA 

Eel 

Yolla-Bolly-Middle 

*  *  * 

IS 

Mendocino 

CA 

Eel 

Yosemite 

196 

NPS 

— 

CA 

Zion 

205 

NPS 



m 

ton 

leodore 

Roosevelt 


80 
182 


FS 
NPS 


Bridger-Teton 


WY 
ND 


*     -Area  managed  by  adjacent  forest. 

•*   -  No  significant  use,  so  no  data  were  collected  for  this  forest. 

***  -  No  reply  to  questionnaire. 


55 


INDEX  2.  FISH  AND  WILDLIFE  SERVICE 
REFUGES  SURVEYED  BUT  NOT 
REPORTED  IN  DETAIL 

Number     Area  Stale  Acreage 


455 

41,113 

5,683 

175 

25,141 

65 

32 

2,832 

179 

17 

21 

141 

20,847 

11,800 

30,287 

9,612 

5,577 

4,228 

4,000 

2,180 

147 

25,150 

29 

12 

77 

4,635 

2,114 

7,386 

6,681 

9,000 

17,350 

1,732 

6 

20 

6,152 

973,000 

301,451 

256,000 

1,742 

30,000 

14,470 

321,400 

748 

1,406 

1 

16,317 

24,502 

975 

2,000 

1,740 

2,165 

180 

590 

ISO 

163 

1,200 


Wilderness 

253 

Chamisso 

AK 

254 

Clarence  Rhode 

AK 

255 

Tuxedni 

AK 

256 

Bogoslof 

AK 

257 

Simeonof 

AK 

258 

St.  Lazaria 

AK 

259 

Hazy  Island 

AK 

260 

Forrester  Island 

AK 

261 

Washington  Islands 

WA 

262 

Three  Arch  Rocks 

OR 

263 

Oregon  Islands 

OK 

264 

Farallon 

CA 

26<; 

U  L  Bend 

MT 

266 

Medicine  Lake 

MT 

267 

Bosque  del  Apache 

NM 

268 

Bitterlake 

NM 

269 

Lostwood 

ND 

270 

Chase  Lake 

ND 

271 

Agassiz 

MN 

272 

Tamarac 

MN 

273 

Huron  Islands 

MI 

274 

Seney 

Ml 

275 

Wisconsin  Islands 

Wl 

276 

Michigan  Islands 

Ml 

277 

West  Sister  Island 

OH 

278 

Fort  Niobrara 

NB 

279 

Big  Lake 

AR 

280 

Moosehorn 

ME 

281 

Brigantine 

NJ 

2X2 

Swanquarter 

NC 

283 

St.  Marks 

FL 

2X4 

Lake  Woodruff 

Fl 

285 

Pelican  Island 

FL 

2X6 

Island  Bay 

II 

2X7 

Florida  Keys 

11 

Proposed 

Wilderness 

288 

Unimak 

AK 

289 

Izembek 

AK 

290 

Semidi 

AK 

291 

Hawaiian  Islands 

HI 

292 

Malheur 

OR 

293 

Imperial 

CA 

294 

Charles  Sheldon  Antelope 
Range 

NV 

295 

Anaho  Island 

NV 

296 

Rice  Lakes 

MN 

297 

Mille  Lacs 

MN 

298 

Valentine 

NB 

299 

Crescent  Lake 

NB 

300 

White  River 

AK 

501 

Bombay  Hook 

DE 

302 

Assateague  Island 

MD 

303 

Back  Bay 

VA 

3(M 

Pea  Island 

NC 

305 

Mattamuskeet 

NC 

306 

Cedar  Island 

NC 

307 

Santee 

SC 

308 

Noxubee 

MS 
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RESEARCH  SUMMARY 

Fire  behavior  predictions  have  become  part  of  the  initial 
fire  assessment,  both  for  fire  as  a  treatment  or  fire  as  a 
force  to  be  suppressed.  How  fast  a  fire  may  grow  in  size 
and  how  much  fireline  there  may  be  are  valuable  informa- 
tion factors  to  fire  management  staff.  Critical  analysis  of 
wild  land  fire  records  and  previous  wind  tunnel  research 
on  fire  growth  provided  the  basis  for  a  mathematical  ap- 
proach to  estimating  fire  size  and  shape  using  a  double 
ellipse  model.  Equations  have  been  developed  to  estimate 
the  flank  and  backing  fire  spread  rates,  fire  area,  perim- 
eter, and  length  to  width  ratio,  and  to  plot  fire  shape. 

Graphs  and  tables  present  the  relationships  developed, 
and  five  wild  land  fires  show  how  the  estimation  matches 
field  situations.  In  addition,  the  simple  ellipse  concept  is 
presented  with  a  quadratic  equation  solution  for  determin- 
ing minor  and  major  axes.  These  results  are  compared  to 
the  fire  size  and  perimeter  tables  carried  in  most  fireline 
notebooks. 
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NTRODUCTION 

When  an  unplanned  wild  land  fire  occurs,  the  fire  manage- 
lent  staff  needs  to  know  the  expected  size  and  shape  so  the 
npact  on  land  resources  can  be  assessed  and  suppression 
orces  dispatched.  Early  attempts  to  satisfy  the  need  included 
nalysis  of  fire  records  by  Hornby  (1936)  that  provided  a  table 
if  minimum,  probable,  and  maximum  perimeter  for  various 
ire  sizes.  This  table  is  in  the  Forest  Service  Handbook,  FSH 
109.12,  Fireman's  Handbook,  June  1966,  amendment  No.  4, 
igure  2,  page  33.5 — 3,  and  has  been  reemphasized  by  Cargill 
1970)  in  terms  of  forward  rate  of  spread  and  elapsed  time, 
/lost  Forest  Service  regions  carry  some  form  of  this  table  in 
heir  Fireline  Handbook  supplements. 

Rothermel's  (1972)  mathematical  model  provides  the  means 
or  predicting  how  far  a  fire  would  travel  in  a  given  situation, 
tut  in  the  early  1970's  there  was  no  way  to  use  that  informa- 
ion  to  estimate  fire  size  and  shape.  However,  Fons1  in  1940 
•rovided  data  that  could  be  applied  to  the  problem.  Fons' 
vork  will  be  referred  to  throughout  this  paper.  It  was  possible 
o  develop  from  Fons'  data  an  approach  where  only  the  down- 
kind  spread  distance  and  the  windspeed  at  midflame  height 
vere  needed  to  estimate  the  fire's  acreage,  perimeter,  and 
hape.2  This  approach  is  used  for  estimating  fire  behavior, 
itilizing  computer  facilities  for  calculations,  and  evaluating  fire 
lazards  of  slash  (Albini  1976a,  1976b;  Puckett  and  others 
979).  In  addition,  the  procedure  is  incorporated  into  the  S-590 
rire  Behavior  Officer  course  conducted  at  the  National  Ad- 
anced  Resource  Technical  Center  at  Marana,  Ariz.,  and  the 
iroposed  S-390  Fire  Behavior  training  package  (see  appendix  I). 


Fons,  Wallace  L.  Forest  fuels  progress  report  No.  6,  May  20,  1940.  California 
orest  and  Range  Experiment  Station,  copy  on  file  at  the  Pacific  Southwest  Forest 
nd  Range  Experiment  Station,  Forest  Fire  Laboratory,  Riverside,  CA. 

Anderson,  Hal  E.  Memorandum  to  R.  C.  Rothermel  and  W.  C.  Fischer,  on 
ile  at  Northern  Forest  Fire  Laboratory,  Missoula,  MT,  August  10,  1973. 


This  paper  (1)  documents  the  development  and  formulation 
of  the  procedure,  (2)  reviews  observations  and  methods  of 
assessment,  and  (3)  provides  examples  that  will  aid  testing  the 
procedure.  Illustrations  show  how  this  model  can  be  used  to 
confirm  other  fire  behavior  models. 

BACKGROUND 

Firefighters  and  researchers  generally  agree  that  wild  land 
fires  are  circular  in  shape  immediately  after  ignition,  but  as 
wind,  slope,  and  other  environmental  factors  influence  the  fire, 
its  shape  becomes  elliptical  (Hawley  and  Stickel  1948;  Brown 
and  Davis  1973;  Peet  1967;  Pirsko  1961;  McArthur  1966;  Curry 
and  Fons  1938;  Mitchell  1937).  McArthur  (1966)  states  that  the 
stronger  the  wind  the  more  narrow  and  elongated  the  fire 
burns.  He  presents  a  relationship  between  fire  shape  and  wind 
velocity,  using  a  straightforward  ellipse  where  the  length  to 
width  ratio  varied  from  1.0  to  approximately  6.0.  This  range  in 
length  to  width  ratio  primarily  reflects  the  grassland  fuels  being 
considered.  The  most  probable  ratio  selected  by  Cheney  and 
Bary  (1969)  is  4:1  for  grasslands,  while  Van  Wagner  (1969)  uses 
a  ratio  of  2: 1  as  an  example  for  a  forest  fire.  This  compares 
with  the  average  fire  shape  found  by  Homby  (1936)  where  the 
perimeter  is  about  1.5  times  the  perimeter  of  a  circle  of  equal 
area.  An  ellipse  with  a  length  to  width  ratio  of  5:1  represents 
that  average  fire  shape.  Work  by  Peet  (1967)  in  the  western 
Australia  Jarrah  Forest  indicated  the  ratio  of  2:1,  but  he  noted 
the  fires  became  more  ovoid  in  shape  as  rate  of  forward  spread 
increased. 

Similar  observations  by  Curry  and  Fons  (1938)  show  the 
change  with  a  steady  wind  or  a  variable  direction  wind.  An  ad- 
ditional display  of  fire  shapes  presented  by  Fons  (1946)  contrib- 
ute to  using  two  semiellipses  to  define  size  and  shape.  Mitchell 
(1937)  observes  that  fires  become  oval  or  egg-shaped  after  a 
few  minutes,  with  the  narrow  end  being  in  the  direction  of  for- 
ward spread.  These  features  of  wind-influenced  wild  land  fires 
become  more  obvious  with  the  use  of  infrared  imagery  for  fire 


mapping  and  detection  (Hirsch  and  others  1968).  The  Sundance 
Fire  (Anderson  1968),  with  documented  weather  and  fire  spread 
history,  was  mapped  by  infrared  imagery  (Hirsch  1968).  The 
long  elliptical  shape  was  evident,  although  some  of  the  nar- 
rowness was  due  to  nonlinear  features  of  the  scanning  portions 
of  the  infrared  mapping  equipment. 

Aerial  photography  points  out  such  characteristics  as  shown 
in  the  examples  given  by  Wade  and  Ward  (1973).  The  Air 
Force  Bomb  Range  Fire  and  the  Exotic  Dancer  Fire  show  ellip- 
tical patterns  in  the  vegetation  bands  that  outline  the  Fire's 
perimeter  at  progressive  stages  of  development.  Controlled 
burning  in  the  Everglades  has  generated  the  same  pattern  of 
burning  in  sawgrass  stands  (KJukas  1972).  The  initial  circular, 
then  oval,  shape  of  the  fire's  perimeter  is  usually  lost  in  the 
subsequent  burnout  of  the  area. 

McArthur  (1966)  showed  that  the  length  to  width  ratio  is  a 
function  of  windspeed,  so  only  an  estimate  of  the  forward 
spread  rate  is  needed  to  calculate  fire  size.  Van  Wagner  (1969) 
used  an  ellipse  to  estimate  fire  size  and  perimeter.  Although  it 
is  a  simple  and  flexible  mathematical  method,  it  is  necessary  to 
know  or  estimate  three  rates  of  spread  at  the  head,  flanks,  and 
rear  of  the  fire.  A  similar  but  expanded  approach  is  provided 
by  Simard  and  Young  (1978)  who  define  the  spread  rate  at  the 
head,  two  flanks,  and  the  rear  of  the  fire.  This  approach  pro- 
vides a  means  to  evaluate  aerial  and  ground  suppression  op- 
tions against  fire  growth.  A  fire  potential  assessment  model 
developed  by  Van  Gelder  (1976)  determines  the  length  to  width 
ratio  by  slope,  windspeed,  and  fuel  characteristics.  Fire  size  is 
estimated  by  use  of  available  fire  weather  reports  and  a  fuel 
model  to  apply  RothermePs  (1972)  fire  spread  model.  Examples 
show  that  the  elliptical  model  is  useful  for  rapid  evaluation  of 
the  fire  potential  of  given  situations.  Earlier  application  of  the 
concept  presented  by  Storey  (1972)  uses  input  parameters  of 
size  at  discovery,  the  length  to  width  ratio,  and  the  forward 
rate  of  spread.  An  expansion  by  Bratten  (1978)  considers  the 
size  at  attack  and  size  at  containment.  Length  to  width  ratios 
and  forward  spread  rates  were  used  as  defining  parameters. 
Other  work  on  the  containment  problem  by  Albini  and  others 
(1978) — involving  a  complex  analysis  incorporating  forward, 
flank,  and  backing  rates  of  spread — show  that  the  general 
shape  follows  an  elliptical  profile. 

Experimental  Results  of  1939 

Fons  reported  on  a  series  of  198  test  fires  conducted  in  a  low 
velocity  wind  tunnel.  The  objective  was  to  establish  the  effect 
of  compactness  in  pine  litter  on  the  spread  of  surface  fires  with 
varying  wind  velocity  and  moisture  content  (table  1).  Wind 
velocity  that  was  measured  1  ft  (0.3  m)  above  the  fuel  surface 
was  varied  from  2  to  12  mi/h  (3.2  to  19.3  km/h).  This  meas- 
urement is  comparable  to  midflame  height.  Fires  were  started 
from  a  point  source  and  allowed  to  grow  until  they  were  ap- 
proximately 18  inches  (45.7  cm)  in  width.  At  that  point,  wind 
generation  was  stopped  and  the  fire  was  quenched  with  water 
to  preserve  the  fire's  shape  (fig.  1). 

The  notation  used  in  the  development  of  the  mathematical 
description  of  fire  size  and  shape  is  in  figure  1.  The  focus,  f,, 
represents— the  origin  of  the  fire  and  the  point  from  which  all 
measurements  to  the  perimeter  were  made  by  Fons.  The  for- 
ward distance  traveled  with  a  given  rate  of  spread  for  a  given 
interval  of  time  is  defined  by  d.  The  other  dimensions  are 
defined  as: 


Table  1.— Forward  spread  of  firs  in  ponderosa  pine  needles 
under  various  conditions  (from  Fons1) 


Fuel 

Fuel  bed  compactness  (inches) 

Wind 

moisture 

velocity 

content 

0.06 

0.08 

0.10 

0.12 

0.14 

0. 

Miles 

Forward  spread 

-  feet  per  minute 

per  hour 

Percent 

0 

4 

0.38 

0.54 

0.67 

0.76 

0.84 

0. 

0 

8 

0.30 

0.42 

0.49 

0.55 

0.60 

0. 

0 

12 

0.19 

0.27 

0.32 

0.36 

0.38 

0. 

0 

16 

0.10 

0.15 

0.18 

0.18 

0.19 

0. 

2.0 

4 

0.93 

1.32 

1.62 

1.78 

1.85 

2. 

2.0 

8 

0.72 

0.98 

1.17 

1.28 

1.30 

1. 

2.0 

12 

0.51 

0.68 

0.82 

0.89 

0.90 

1. 

2.0 

16 

0.30 

0.42 

0.45 

0.51 

0.45 

0. 

4.0 

4 

1.80 

2.53 

3.12 

3.34 

3.50 
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8 

1.40 

1.93 
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2.1 
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12 

1.02 

1.39 

1.62 

1.70 

1.80 

2.1 

4.0 

16 

0.60 

0.85 

1.00 

1.03 

1.03 
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6.0 

4 

2.89 

4.09 

4.98 

5.38 
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6.( 
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8 

2.26 

3.18 

3.74 

4.01 

4.20 
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12 
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16 
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1.45 
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1.78 

1.80 
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4 
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7.40 

8.10 

8.70 
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8.0 

8 

3.34 

4.74 

5.56 

6.15 

6.60 
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8.0 

12 

2.50 

3.45 

4.09 

4.37 

4.63 
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8.0 

16 

1.58 

2.25 

2.66 

2.83 

2.95 

3.f 

10.0 

4 

5.69 

8.40 

10.52 

11.75 

12.90 

15.3 

10.0 

8 

4.70 

6.68 

8.00 

8.97 

9.70 

10.7 

10.0 

12 

3.57 

4.95 

5.95 

6.46 

6.83 

7.7 

10.0 

16 

2.34 

3.32 

4.00 

4.24 

4.58 

5.2 

12.0 

4 

7.59 

11.32 

U.40 

16.70 

18.70 

21.6 

12.0 

8 

6.36 

9.13 

11.16 

12.52 

13.40 

14.9 

12.0 

12 

4.93 

6.88 

8.30 

9.15 

9.60 

10.8 

12.0 

16 

3.40 

4.84 

5.84 

6.36 

6.70 

7.6 

See  footnote  1  in  text. 


Figure  1.— Definitions  of  dimensions  used  for  a 
two  semiellipse  model  of  fire  shape. 


a|  =  major  axis  of  semiellipse  at  the  rear  of  the  fire, 
a2  =  major  axis  of  semiellipse  at  the  front  of  the  fire, 
b  =  the  common  minor  axis,  the  maximum  flanking  fire 

spread  distance, 
c  =  the  portion  of  axis,  ap  that  is  the  backing  fire  spread 

distance, 

p  =  semilatus  rectum  of  the  rear  semiellipse  and  represents 

the  flanking  fire  at  the  origin. 

Fons  made  measurements  of  the  downwind  distance  from  the 
origin  to  the  perimeter  at  various  angles  from  the  direction  of 
maximum  spread  (table  2).  He  used  data  from  the  experiments 
to  generate  a  series  of  cross  plots  involving  windspeed,  com- 
pactness, and  moisture  content.  With  these  cross  plots,  dif- 
ferences between  the  observed  data  and  the  fitted  data  provided 
residuals  that  were  used  for  obtaining  the  final  set  of  curves. 
Table  1  shows  the  values  of  forward  spread  from  the  final 
curves  and  table  2  presents  the  statistical  measures  Fons  com- 
puted for  forward  spread  at  each  windspeed. 

Table  2.— Statistical  measures  of  ratios  of  forward  spread  to 
spread  at  other  angular  distances1 


Wjncj         Direction  from  maximum  spread2 


Fons  assumed  that  the  shape  of  the  burned  area  in  any  one 
fuel  type  is  independent  of  compactness  and  moisture  content. 
He  confirmed  this  by  comparing  the  means  of  the  ratio  of 
angular  spread  distance  to  maximum  spread  distance  obtained 
within  each  wind  class  fcr  the  upper  and  lower  ranges  of  com- 
pactness and  moisture  content  (see  examples  in  table  3).  The 
analysis  found  that  the  shape  of  the  burned  area  was  dependent 
only  upon  the  wind  velocity.  The  ratio  of  maximum  length  to 
width  for  mat  beds  of  ponderosa  pine  needles  was  found  to  be 
a  function  of  wind  velocity  by: 


(d  +  c) 


=  1.0  +  0.50  U 


(I) 


where: 

c  +  d  =  total  spread  distance,  according  to  figure  1 , 

b         =  minor  axis,  according  to  figure  1, 

U         =  wind  velocity  in  miles  per  hour,  at  midflame  height. 

For  field  tests  in  ponderosa  pine  needles,  the  constant  was 
found  to  be  0.44  rather  than  0.50. 

Table  3.— Samples  of  Fons'1  data  illustrating  that  compact- 


Cases     velocity     10°     20°     30°     40°     60°     90°    130°   180c 


ness  and 
shape 


moisture  content  do  not  influence  fire 


Miles  per 
Number      hour 


32 
34 
40 
35 
33 
24 


2.2 

4  3 

64 

8.4 

10.5 

12.5 


32 

2.2 

34 

4.3 

40 

64 

35 

8.4 

33 

10.5 

24 

12.5 

Mean  spread  ratio  (actual) 

0.943  0.843  0.739  0.649  0.525  0.431  0.362  0.328 
.882    .724    .600    .510    .399    .312    .246    .218 


.815 
.753 
.689 
.664 


.607 
.522 
.443 
.413 


.468 
.391 
.314 
.293 


.377 
.311 
.243 
.226 


.276 
.223 
.169 
.154 


.205 
.163 
.115 
.103 


.157 
.119 
.079 
.066 


.142 
.105 
.066 
.057 


Standard  deviation  of  spread  ratio 


0.025  0.041  0.050  0.060  0.054  0.049  0.073  0.084 
.040  .063  .073  .073  .069  .063  .058  .057 
.045  .062  .062  .056  .045  .034  .035  .043 
.041  .052  .049  .043  033  .028  .030  .032 
.041  .046  .039  .033  .027  .021  .023  .025 
.054    .053    .044    .037    .028    .021     .020    .020 


Standard  deviation  of  spread  ratio  -  percent 


Fractional  spread  in  different 
directions  from  origin 


Moisture   Compactness   Wind- 
content  speed    10°    20° 


Percent 

6.8 

69 
11.9 
11.6 

5.3 

4.8 
11.2 
12.1 

4.7 

6.2 
11.1 
13.7 


30°     40°     60°     90° 


Inches 

0.067 
.160 
.067 
.160 

.067 
.160 
.067 
.160 

.067 
.140 
.067 
.160 


Mi/h 


Ratio  of  angular  distance  to 
distance  of  maximum  spread 


2.2     1.00  0.83  0.75  0.58  0.50  0.42 

.93  .87  .73  .67  .53  .47 

1.00  .80  .80  .80  .60  .40 

2.2     1.00  .90  .80  .70  .60  .50 

6.4 


.90 

71 

52 

43 

.33 

.29 

81 

.61 

49 

40 

28 

19 

.84 

63 

.47 

.42 

31 

.26 

.87 

65 

.52 

39 

.32 

26 

64 

12.5      .76  .53  .39  .30  .21  .14 

.64  .33  .22  .16  .10  .06 

.64  .39  .27  .21  .14  .11 

12.5      .62  .42  .30  .24  .16  .11 


32 

2.2 

2.7 

4.9 

6.8 

9.2 

10.3 

11.4 

20.2 

25.6 

34 

4.3 

4.5 

8.7 

12.2 

14.3 

17.3 

20.2 

23.6 

26.1 

40 

6.4 

5  5 

10.2 

13.2 

14.9 

16.3 

16.6 

22.3 

30.3 

35 

8.4 

5.4 

10.0 

12.5 

13.8 

14.8 

17.2 

25.2 

30.5 

33 

10.5 

60 

10.4 

12.4 

13.6 

16.0 

18.3 

29.1 

37.9 

24 

12.5 

8.1 

12.8 

15.0 

16.4 

18.2 

20.4 

30.3 

35.1 

See  footnote  1  in  text 


'See  footnote  1  in  text. 

Directions  expressed  as  angular  distances  in  degrees  from  direction  of 
maximum  spread 


Development  of  Fire  Shape  Model 

Analysis  of  the  above  data  show  that  the  elliptical  shape 
describes  results  closely.  The  best  fit  of  the  experimental  data 
was  found  to  be  with  two  semiellipses. 

The  original  development3  considered  the  spread  distance  at 
various  angles  as  fractions  of  the  forward  spread  distance,  d,  as 
presented  in  Fons'  data  tables  1  and  2.  The  dimensions  of  the 
double  ellipse  were  analyzed  as  functions  of  windspeed  using 
data  in  Fons'  tables  and  from  the  curves  of  fire  shape  at 
various  windspeeds  (fig.  2).  Relationships  between  dimensions 
of  an  ellipse  besides  log  regressions  were  used  to  express  each 
dimension  as  a  function  of  windspeed.  The  minor  semiaxis,  b, 
was  defined  in  terms  of  p  and  a!  using  the  semilatus  rectum  ex- 
pression for  an  ellipse.  Further  study  showed  that  b  could  be 
better  described  as  a  log  function  of  windspeed.  The  dimen- 
sions of  Fons'  curves  were  reevaluated  as  fractions  of  the 
spread  distance,  d  (table  4). 

A  least-square  fit  of  log  regressions  for  the  following  dimen- 
sions provided  equations  as  functions  of  windspeed  and  frac- 
tions of  the  forward  spread  distance: 


Figure  2.— Diagrams  showing  influence  of  wind 
velocity  on  shape  of  bums. 


See  footnote  2,  page  I. 


Table  4.— Summary  of  data  measured  from  Fons'—  curves 
(fig.  2)  for  fire  shape  and  used  for  equations  2, 
3,  4,  and  6 


a1 

b 

c 

Windspeed 

fraction 

fraction 

fraction 

frac 

Mi/h 

0 

0.500 

0.500 

0.! 

2 

0.560 

.465 

.348 

.i 

4 

.416 

.348 

.230 

6 

.346 

.260 

.160 

8 

.358 

.210 

.112 

10 

.346 

.163 

.072 

12 

.315 

.140 

.058 

.( 

1See  footnote  1  in  text. 

c     =  0.492  EXP  [-0.1845  U],    r2  =  0.9% 
Sy  •  x  =  0.162 

p    =  0.542  EXP  [-0.1483  U],    r2  =  0.993 
Sy  ■  x  =  0.140 

a,   =  2.502  [88U]-°30,r2  =  0.918 
Sy  •  x  =  0.046 

a2  =  1  +  c  -  a, 

b    =  0.534  EXP  [-0.1147  U],   r2  =  0.988 
Sy  •  x  =  0.143 

These  equations  provide  a  means  of  quantifying  important 
dimensions  of  the  double  ellipse  representation  of  fire  shape. 
When  these  values  along  with  the  spread  distance  are  used  in 
equations  for  area  and  perimeter,  we  can  estimate  fire  growtl 
In  addition,  the  length  to  width  ratio  and  the  envelope  of  th< 
burn  area  can  be  estimated. 

Calculations  of  area  and  perimeter  require  multiplying  the 
fractional  expressions  of  ellipse  dimensions  by  the  forward 
spread  distance.  The  following  equations  have  been  used  or 
adapted  to  make  estimates  of  the  fire  dimensions  (Albini  19' 
1976b;  Albini  and  Chase  1980): 


7rbd- 


Area  =  A 


Perimeter 


(a,  +  a2);  ft2,  m2,  etc. 


P  = 


irk,d 


7rk-,d 
(a.  +  b)  +    — —  (a-,  +  b);  ft, 


kn  =   1  +   M^2    + 
4 


64 


M, 


(an  -  b)/(an  +  b) 


256 
(Bauneister  I 


(Bauneister 


Equation  9  can  be  simplified  for  ease  of  computation  with  a 
less  than  1  percent  loss  in  accuracy  by  eliminating  the  terms 
after  M„:: 


M„- 


k    =   1  + 


(9) 


For  graphic  presentation  of  the  fire  shape,  the  perimeter  is 
plotted  by  using  the  intercept  of  the  major  and  minor  axes,  0, 
as  the  origin.  This  is  possible  because  the  minor  axis  is  com- 
mon to  both  semiellipses  and  both  semimajor  axes  can  be 
defined  in  terms  of  d,  the  forward  distance  traveled  along  the 
major  axis,  and  U,  the  windspeed.  Any  point  on  the  perimeter 
is  defined  by: 

If  Cos  0  >0,  a  positive  value: 
x  =  (ajCosOJd 
y  =  (bSinO)d 

If  Cos  9  <  0,  a  negative  value: 
x  =  (a,Cos0)d 
y  =  (bSinO)d 

where  0  =  angular  degrees  from  the  forward  direction  with  0 
as  the  origin.  The  origin  of  the  fire  is  defined  as  c  -  a,,  the 
focus  of  the  semiellipse  containing  the  backing  fire. 

With  these  equations  and  conditional  statements,  it  is  possi- 
ble to  predict  the  area  burned  by  a  fire  and  the  distance  around 
its  perimeter.  Windspeed  and  the  forward  rate  of  spread  are  the 
only  inputs  needed. 

ANALYSIS  RELATED  TO  FIRE 
SIZE  AND  SHAPE 

Just  how  well  these  mathematical  models  match  Fons' 
graphic  data  (fig.  2)  was  analyzed  by  comparing  measured  fire 
data  with  calculated  values.  The  fire  shapes  of  figure  2  were 
scaled  at  1  inch  =  1,000  ft  (8.3  cm  =  1  km).  As  size  and 
shape  dimensions  were  calculated,  a  plot  of  the  fire  shape  was 
generated  so  computations  could  be  compared  to  results  ob- 
tained from  figure  2  and  the  plotted  shapes.  The  plotted  shapes 
were  prepared  for  windspeeds  of  2,  6,  and  12  mi/h  (3.2,  9.6, 
and  19.3  km/h).  The  values  computed  and  those  measured 
were  found  to  be  within  ±  2  percent  of  each  other.  Fons'  fire 
shapes  of  figure  2  and  the  model  generated  plots  were  within 
±  9  percent  of  each  other  for  area  measurements  and  within 
J±  3  percent  for  perimeter  measurements.  The  area  and 
perimeter  measurements  were  made  with  a  compensating  polar 
planimeter  for  area  and  a  map  measurer  for  the  perimeter.  The 
measured  and  computed  values  are  presented  in  table  5  and 
shown  in  figures  3  and  4. 

Perimeter  may  be  underestimated  because  of  the  natural  vari- 
ability that  exists  in  the  field.  A  few  of  the  variables  contribut- 
ing to  an  irregular  and  longer  fire  edge  are  windspeed  and 
direction,  slope  and  topography,  and  changes  in  fuel 
distribution. 


The  greatest  benefit  of  using  these  equations  is  that  only  two 
input  variables — wind  at  midflame  height  and  rate  of  spread 
(distance  for  a  given  time) — are  needed  to  compute  area, 
perimeter,  backing  fire  distance,  flanking  fire  distance,  their 
ratios  to  the  heading  fire,  and  the  maximum  length  to  width 
ratio.  These  estimates  have  proven  valuable  to  various  elements 
of  fire  management,  but  it  must  be  remembered  that  the  orig- 
inal data  were  taken  on  fires  burning  through  pine  needle  beds 
without  variation  in  wind  direction.  Outputs  such  as  the  length 
to  width  ratio  may  show  that  fuel  size  (surface  area  to  volume 
ratio)  and  fuel  bed  packing  ratio  (fuel  volume  per  unit  volume) 
have  an  influence. 


10  r- 


WINDSPEED  (MI/H) 
Figure  3.— Deviations  of  mathematical  model 
versions  from  Fons'  diagrams  for  fire  size  and 
shape,  area. 


WINDSPEED  (MI/H) 
Figure  4.— Deviations  of  mathematical  model 
versions  from  Fons'  diagrams  for  fire  shape, 
perimeter. 


Table  5.— Comparison  of  Fons'1  diagrams  with  fire  size  and  shape  mathematical 
model  outputs  using  a  forward  spread  distance  of  5,000  ft 


Windspeed 

Graphic 

Computed 

Graphic 

Computed 

Version 

Mi/h 

acres 

acres 

miles 

miles 

Fons 

2 

556.4 

3.38 

Model 

5128 

513.5 

3.28 

3  31 

Fons 

4 

369.5 

2.88 

Model 

376.0 

2.92 

Fons 

6 

265.1 

2  59 

Model 

281.5 

282.0 

2.60 

2.63 

Fons 

8 

196.0 

2.37 

Model 

214.0 

2  42 

Fons 

10 

157.5 

2.27 

Model 

165.0 

226 

Fons 

12 

132.4 

2.17 

Model 

127.9 

128.0 

2.12 

2.15 

1See  tootnote  1  in  text. 

Comparison  of  Fire  Size  Properties 

Hornby  (1936),  using  146  fire  records  and  102  hypothetical 
fires,  showed  that  for  a  constant  area  reference,  the  most  prob- 
able perimeter  was  1.5  times  that  of  a  circle  with  equal  enclosed 
area.  In  addition,  he  found  that  92  percent  of  the  fire  shapes 
investigated  would  have  perimeters  less  than  2  times  that  of  a 
circle  of  equal  area.  These  are  equivalent  to  length  to  width 
ratiosof  5:1  and  9.7:1,  respectively.  Mitchell  (1937)  related  the 
head  fire  rate  of  spread  to  the  rate  of  perimeter  increase  using 
the  relationship  for  circles  of  the  perimeter  to  the  diameter.  He 
suggested  the  simplest  approach  was  to  multiply  the  head  fire 
rate  of  spread  by  3  for  an  estimate  of  the  rate  of  perimeter  in- 
crease. Hanson's  (1941)  analysis  of  140  fires  in  the  Forest  Serv- 
ice's Region  4  relates  the  length  of  line  in  chains  to  the  final 
acreage  of  the  fire.  Brown's  (1941)  analysis  of  65  class  "C" 
fires  in  Region  2  produced  a  graph  of  minimum,  average,  and 
maximum  control  line  lengths  in  chains  for  fires  up  to  1 ,000 
acres  (404.7  ha)  at  control.  He  found  that  ir  times  the  long 
axis  of  the  fire  agreed  closely  to  the  perimeter.  For  fires  under 
20  acres  (8. 1  ha)  he  found  the  most  probable  perimeter  to  be 
1 .67  times  the  perimeter  of  a  circle  of  equal  area. 

Length  to  width  ratios  did  not  appear  to  receive  much  atten- 
tion until  McArthur  published  his  Australian  research  on 
grassland  fires  (1966).  He  recognized  that  the  elliptical  shape 
provides  a  good  approximation  of  fire  shape.  With  the  state- 
ment on  his  "grassland  fire  danger  meter"  that  perimeter  in- 
crease can  be  taken  as  2.5  times  the  forward  spread,  fire  sizes 
can  be  analyzed  in  terms  of  perimeter,  area,  and  length  to 
width  ratio.  Assuming  an  elliptical  shape,  we  have  a  unique 
solution  for  any  fire  where  two  of  these  dimensions  are  known. 

Using  the  concept  of  equal  area  shapes  as  Hornby  (1936)  in- 
troduced, we  can  establish  the  minimum  perimeter  an  elliptical 
fire  can  have  unless  control  action  has  truncated  the  fire  shape. 
Working  with  the  simple  ellipse  we  need  to  use  the  equations 
for  area  and  perimeter: 


Area  =  irab  =  A,  units2 

Perimeter  =  (a  +  b)  kx  =  P,  units 

where: 
a  =  semimajor  axis, 
b  =  semiminor  axis, 
k  =  equation  (9). 


(H) 
(12) 


By  using  the  area  equation  (1 1)  to  define  b  we  can  substitute 
into  equation  (12)  and  reduce  it  to  a  quadratic  equation: 

Trka2  -  aP  +  kA  =  0 

The  two  axes,  a  and  b,  can  be  calculated  from: 


Vp2  _  47rk2A 


a  =  P  + 


27rk 


and 


b  =  P 


Vp2  -  47rk2A 


27rk 


and  by  successive  approximations  determine  the  unique  com- 
bination of  area,  perimeter,  k,  and  length  to  width  ratio  that 
a  given  set  of  conditions. 

Using  this  technique,  a  series  of  areas  and  perimeters  were 
evaluated  and  length  to  width  ratios,  f/w,  were  determined 
(fig.  5).  Note  that  area  will  be  the  square  of  the  unit  of 
measure  used  for  perimeter — ft2  for  area  when  perimeter  is  ir 
feet,  for  example.  Perimeter  may  be  any  unit  of  length  that  i: 
suitable. 
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LENGTH/ WIDTH  RATIO 

Figure  5.— The  relationship  of  area,  perimeter, 
length  to  width  ratio  for  elliptical-shaped  fires 
and  comparison  of  several  appraisals  of  fire 
size  and  shape  relationships. 


Hornby  (1936)  expresses  fire  size  and  shape  in  terms  of  the 
length  of  perimeter  for  an  ellipse  to  the  circumference  of  a  cir- 
cle of  equal  area.  For  the  no-wind,  no-slope  condition,  the  cir- 
cle and  the  ellipse  are  equal  in  perimeter  and  the  t/w  ratio  is 
1:1.  He  expressed  the  most  probable  fire  size  as  when  the 
perimeter  of  the  ellipse  is  1.5  times  the  circumference  of  a  circle 
:>f  equal  area  and  the  f/w  ratio  is  5:1.  The  fires  Hornby 
analyzed  showed  that  92  percent  of  all  the  perimeters  in- 
vestigated were  less  than  2.0  times  the  circumference  of  a  circle 
>vith  equal  area — or  having  a  f/w  ratio  of  9.7:1.  These  three 
descriptions  of  fire  size  and  shape  are  identified  in  figure  5  by 
:he  vertical  lines  at: 

1.  Minimum  perimeter  =  circumference  =   1:1  f/w  ratio, 

2.  Most  probable  perimeters  1.5  circumference  =  5:1  f/w 
atio, 

3.  Maximum  perimeter  -   2.0  circumference  =  9.7:1  f/w 
atio. 

Figure  5  presents  the  data  previously  cited  by  Hanson  (1941), 
Brown  (1941),  McArthur  (1966),  Pirsko  (1961),  and  Banks 
'1963),  and  shows  how  the  other  interpretations  compare  to 
Hornby's. 

Brown  (1941)  and  Hanson  (1941)  both  used  an  analysis 
nethod  of  fire  size  and  shape  that  used  the  standard  error  to 
iefine  the  expected  minimum  and  maximum  values  of 
jerimeter  for  a  given  fire  size.  McArthur's(1966)  values  for 
irea  and  perimeter,  when  wind  is  a  factor,  agree  with  the  most 
?robable  values  found  by  Brown  and  Hanson.  These  results  for 
nost  probable  and  maximum  values  are  shown  in  figure  5  as 
he  solid  lines  through  the  data  points  for  f/w  ratios  from  2: 1 
o7:l  and  8:1  to  17:1.  These  data  points  can  be  expressed 
nathematically  in  empirically  determined  equations: 

For  f/w  ratios  <  7 

A  =  4.74  (f/w)4-638,  area. 
For  f/w  ratios  >  7 

A  =  1.62  x  lO^f  f/w)6-285,  area. 

This  suggests  that  a  greater  range  of  combinations  for  area, 
perimeter,  and  f/w  ratio  occurs  than  the  procedure  used  by 
Hornby  (1936)  can  accommodate.  This  is  a  result  of  constrain- 
ing the  perimeters  to  1.5  and  2  times  the  circumference  of  a  cir- 
cle with  equal  area.  The  f/w  ratios  are  then  fixed  at  5  and  9.7 
as  representing  the  most  probable  and  the  expected  maximum 
f/w  ratio  respectively. 

The  relationship  of  the  length  to  width  ratio  to  the  average 
wind  on  the  flame  can  be  expressed  with  the  equations 
developed  from  Fons'  wind  tunnel  data.  Using  the  dimensions 
of  figure  1  where  d  equals  1  for  normalizing,  we  can  describe 
the  ratio  of  total  fire  length  to  maximum  fire  width: 

f/w  =  (1  +  c)/2b  (16) 

Since  the  backing  and  flanking  dimensions  are  expressed  as 
fractions  of  the  forward  rate  of  spread  distance,  the  forward 
distance  has  a  value  of  unity.  Combining  equations  2  and  6  as 
indicated  above  and  clearing  the  fractional  form,  we  can  ex- 
press the  length  to  width  ratio  (fig.  6)  by: 

f/w  =  0.936  EXP(0.1147U)  +  0.461  EXP( -0.0692U)         (17) 

where  U  =  windspeed  at  1.5  ft  or  midflame  miles  per  hour. 
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WINDSPEED  1.5  FEET  ABOVE  FUEL  BED  (Ml/  F 

Figure  6.— Relation  of  the  length  to  width  ratio 
and  windspeed  1.5  ft  (45.7  cm)  above  the  fuel 
bed.  The  clotted  lines  at  2  and  12  mi/h  (3.2  and 
19.3  km/h)  show  the  range  of  experimental  data 
used  by  Fons.1 


Fons  found  a  relationship  of  length  to  width  to  wind  that  is 
linear  in  nature  over  the  range  of  winds  examined: 


d  +  c 
2b 


1.0  +  0.5  U 


(!) 


where  U  is  miles  per  hour.  The  solid  line  in  figure  6  represents 
this  equation,  and  the  dashed  line  presents  a  similar  equation 
with  a  coefficient  of  0.44  for  fires  burning  in  ponderosa  pine 
needle  litter  beds  in  the  forest. 

These  equations  have  nearly  twice  the  slope  of  equation  16 
or  17,  primarily  because  only  the  downwind  distance  and  the 
distance  to  one  side  of  the  centerline  of  the  fire  shape  are  used. 
Equation  16  can  be  reduced  to  a  similar  form  by  disregarding 
the  backing  distance,  c,  and  using  the  minor  axis  dimension,  b, 
as  the  width: 


d/b  =  1/b  =  1/0.534EXP[ 
or  1.873  EXP[0.1147U] 


0.1147U] 


(18) 


This  curve  matches  the  line  from  equation  1  from  2  to  12 
mi/h  (3.2  to  19.3  km/h)  windspeeds. 

Because  it  is  generally  difficult  to  identify  the  fire  starting 
point  and  establish  the  centerline  of  the  fire  shape,  it  is  recom- 
mended that  the  total  fire  length  and  width  be  considered  for 
field  applications.  This  also  conforms  to  the  general  use  of  the 
simple  ellipse  as  is  currently  being  done.  However,  it  must  be 
remembered  that  the  distance,  d,  is  from  the  focus  opposite  the 
head  of  the  fire  and  not  the  major  axis  of  a  simple  ellipse  (see 

fig.  1). 

The  application  of  the  results  of  this  analysis  must  consider 
the  average  wind  on  the  flame.  This  may  require  calculating 
that  value  from  wind  measurements  made  at  some  other  height. 
The  variability  of  the  wind  along  with  the  array  of  fuels  and 
topography  that  a  fire  may  encounter  are  probably  the  most 
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Figure  7.— Wisconsin's  Fire  Suppression  Hand- 
book examples  of  fire  size  and  shape  with  and 
without  good  control  action. 


significant  factors  in  establishing  a  fire's  size  and  shape.  How 
well  the  double  ellipse  or  simple  ellipse  matches  field  observa- 
tions will  depend  on  how  wisely  an  observer  selects  a  windspeed 
and  a  fuel  bed  description  so  reasonable  inputs  are  made  to  the 
mathematical  models. 

Initial  tests  of  the  model  and  the  assumptions  used  have  been 
made  with  historical  data  and  are  tabulated  in  appendix  II. 
These  are  checks  for  the  reasonableness  of  the  model  and  pro- 
vide indications  of  how  wind,  fuels,  and  topography  must  be 
considered  as  validation  opportunities  become  available.  The 
documented  values  from  field  observations  in  appendix  II  are 
compared  to  computed  values  from  the  double-ellipse 
mathematical  model  and  the  quadratic  equation  approach  to 
the  single  ellipse  model. 

Interpretation  of  the  combinations  of  fire  size  and  shape 
parameters  must  be  given  careful  consideration  if  historic  fires 
are  to  be  used  as  data  for  developing  aids  to  fire  management. 
An  example  is  the  Wisconsin  Fire  Suppression  Handbook,4 
which  contains  examples  of  fires  with  no  control  and  good  con- 
trol. In  figure  7  the  data  from  appendix  II  of  this  report  are 
plotted  to  show  the  differences.  Fire  "A"  was  not  controlled 
and  shows  that  for  given  weather  and  fuel  conditions  the  //w 
ratio  remains  constant  while  the  area  and  perimeter  continue  to 
increase.  Fire  "B"  shows  the  results  of  good  flanking  fire  con- 
trol and  pinching  off  attack  on  the  fire  front.  The  area  and 
perimeter  are  increasing  at  a  decreasing  rate  while  the  //w  ratio 
increases  rapidly.  When  utilizing  historic  fires  it  must  be 
recognized  that  either  good  fire  control  or  a  sudden  increase  in 
windspeed  or  a  change  in  wind  direction  can  change  ^/w  ratios. 

Comparison  to  Field  Observations  of  Wildfires 

The  following  five  fires  had  enough  documentation  to 
show  how  fire  shape  and  size  relationships  change  with 
time.  The  time  histories  of  fire  shape  and  size,  graphically 
presented  in  figure  8,  show  that  Hornby's  (1936)  approach  is 
reasonable.  Time  since  fire  start  is  in  the  direction  the  arrows 
point.  When  the  wind  is  stable  and  fuels  are  constant,  the  fires 
tend  to  orient  vertically  in  figure  8. 

Close  agreement  can  be  achieved  between  the  field  observa- 
tions and  the  mathematical  computation  when  the  wind  profile 
is  considered.  Albini  and  Baughman  (1979)  present  a  procedure 
that  is  used  to  depict  the  average  wind  on  the  flame  by  reduc- 
ing the  windspeed  at  20  ft  (6  m)  above  the  vegetation  cover  to 
what  would  be  present  at  the  location  of  the  flame  front. 
Winds  may  be  reduced  to  the  value  at  the  vegetation  upper  sur- 
face or  to  a  point  within  the  cover  depending  on  whether  a 
crown  fire  or  a  surface  fire  occurred. 

Following  are  brief  summaries  of  each  example.  These  com- 
parisons are  valid  only  to  the  extent  that  effective  suppression 
action  or  major  fuel  changes  have  not  taken  place,  restricting 
fire  growth. 


Excerpts  provided  by  Jim  Miller,  Fire  Staff  Specialist,  Rhinelander,  Wis. 
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igure  8.— Fire  size  and  shape  changes  during 
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Example  Fires  with  the  Critical  Values  Tabulated 

Example  1: 

Air  Force  Bomb  Range  Fire  on  March  22,  1971  (Wade  and 
Ward  1973)  started  at  102*  and  began  crowning  about  1230. 
This  continued  until  1745,  after  which  the  fire  encountered 
wet  fuel  and  wind  changes  occurred  with  fronts  moving 
through  the  area.  Wind  direction  changes  complicate  use  of 
the  ellipse  model  and  make  results  more  uncertain.  Notice 
that  the  wind  acting  on  the  flame  to  match  observations 
was  to  reduce  the  20  ft  (6. 1  m)  wind  to  9.4  mi/h  (15.0km/h) 
for  the  fire  burning  in  grass  and  low  shrubs.  After  1230  the 
observed  wind  was  only  reduced  to  15  mi/h  (24.0  km)  because 
the  fire  was  carried  in  the  crown  of  the  pond  pine  (Pinus 
serotina  Michx.)  plantation.  The  fit  of  the  adjusted  double 
ellipse  is  shown  in  figure  9. 


Example  1.  The  Air  Force  Bomb  Range  Fire  in  Florida  started  in  brusn  ano 
grassy  fuels  and  about  2  hours  later  started  crowning  in  pine  plantations 
(P.  serotina)  Fire  start  was  1028  on  March  22,  1971 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1100.0  hours 

Area 

8.0  acres 

8 

■M-, 

8 

Perimeter 

.5  miles 

.5 

5 

.5 

Distance 

.2  miles 

2 

2 

2 

Windspeed 

W  20  0  mi/h 

12.2 

9.4 

f/w 

3:1 

3.2:1 

4:1 

3:1 

Time 

1226 

Area 

155 

155 

102 

159 

Perimeter 

2.1 

2.1 

2.0 

2.2 

Distance 

.9 

9 

9 

.9 

Windspeed 

WSW20 

13.0 

9.5 

f/w 

3.1:1 

2.8:1 

4.3:1 

3:1 

Time 

1439 

Area 

2,094 

2,094 

2,845 

2,099 

Perimeter 

102 

10.2 

103 

9.9 

Distance 

46 

4  6 

49 

t.6 

Windspeed 

SW  15 

12.5 

1  5    0 

<7w 

5.4:1 

5.8:1 

3.5:1 

5  4:1 

Time 

1537 

Area 

2,975 

2,975 

4,589 

2,982 

Perimeter 

11  6 

11.6 

12.3 

11.5 

Distance 

5.3 

Sfi 

5  3 

5.3 

Windspeed 

SW  15 

10.9 

14  4 

(l\N 

5.3:1 

5.2:1 

3.5:1 

5.1:1 

Time 

1636 

Area 

6,518 

6,518 

6,297 

6.485 

Perimeter 

20.5 

20.5 

208 

20  9 

Distance 

10.1 

10  l 

10  1 

10  1 

Windspeed 

SSW20 

19.0 

18.8 

f/w 

8.1:1 

7.8:1 

8.4:1 

8.2:1 

Time 

1745 

Area 

9,796 

9,796 

12,434 

9,819 

Perimeter 

29.1 

29.1 

25.6 

25.1 

Distance 

12.1 

144 

12.1 

12  1 

Windspeed 

SW  20 

16  1 

183 

f/w 

7.8:1 

10.7:1 

6.2:1 

7.8:1 
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Fire  size  and  shape  at  1100. 1226.  and  1439  hours.  3/26/71. 
Dashed  lines  are  double  ellipse  fire  shape  estimates. 
See  Appendix  I  tor  perimeter,  area,  and  1/  w  ratio  values. 


Fire  size  and  shape  at  1537  hours.  3/26/71.  These  first  four  sizes 
determined  by  time-specified  roads  were  reached  and  burn  pattern- 
left  in  the  vegetation. 


Fire  size  and  shape  at  1636  hours,  3/26/71.  Wind  direction  changes  not  handled  well  in  this  procedure. 


Fire  size  and  shape  at  1745  hours,  3/26/71.  Fuels  became  wetter  as  fire  moved  northeast  toward  Croatan 


Figure  9.— Air  Force  Bomb  Range  Fire,  March  26, 1971,  in  North  Carolina;  changes  i.i  size 
and  shape. 
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Example  2: 

The  Hellgate  Fire  of  April  18,  1965,  as  reported  by  Taylor 
and  Williams  (1967),  burned  in  forest  cover  of  pine  and  oak 
with  heavy  litter  and  slash.  Rapid  spread  with  crowning  and 
spotting  occurred  from  1350  to  1500.  Maximum  rate  of 
spread  was  from  1400  to  1430  at  HOchains/h  to  the  east. 
Wind  shifts  started  to  occur  after  1430.  The  wind  reduction 
was  0.332  for  the  double  ellipse  /Vw  ratio  to  match  field 
observations.  These  suggest  the  fire  growth  was  controlled  by 
the  surface  fire  even  though  there  was  crowning  and  spot- 
ting. The  wind  reduction  factor  of  0.332  for  1430,  1500,  and 
1600  matches  Albini  and  Baughman's  (1979)  values  for  open- 
stocked,  intolerant  young  to  mature  species,  40  to  100  ft 
(12.2  to  30.5  in)  tall.  The  fit  of  the  double  ellipse  shape  is 
shown  in  figure  10. 

Example  2.  The  Hellgate  Fire  in  Virginia  was  detected  at  1335  on  April  18,  1965, 
in  an  area  with  heavy  litter  and  slash  on  the  surface.  The  heavy  surface  fuels 
contributed  to  the  fire  quickly  crowning  out  in  the  pine  and  oak  overstory. 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1400.0  hours 

Area 

40.0  acres 

40 

39.5 

40 

Perimeter 

1.0  mile 

1 

1 

1.0 

Distance 

.4  mile 

.4 

.4 

4 

Windspeed 

SW  15-20.0  mi/h 

6.6 

7.7 

//w 

2.5:1 

2.2:1 

2.3:1 

2.5:1 

Time 

1430.0 

Area 

243.0 

243 

235 

243 

Perimeter 

2.8 

2.8 

2.7 

2.7 

Distance 

1.1 

1.3 

1.1 

1.1 

Windspeed 

SW  30-50.0 

10.0 

9.5 

ll\N 

3:1 

3.3:1 

3.2:1 

3:1 

Time 

1500 

Area 

485 

485 

481 

485 

Perimeter 

3.3 

3.3 

3.4 

3.4 

Distance 

1.2 

1.3 

1.2 

1.2 

Windspeed 

SW  15-20.0 

C:H 

5.5 

flYJ 

2.1:1 

1.8:1 

2.1:1 

2.1:1 

Time 

1600 

Area 

756 

756 

700 

756 

Perimeter 

4.0 

4.0 

4.1 

4.1 

Distance 

1.4 

1.4 

1.4 

1.3 

Windspeed 

SW  15 

5.0 

3.6 

i/w 

1.8:1 

1.6:1 

2:1 

1.8:1 

II 


Fire  size  and  shape  at  1400  hours,  4/18/65. 
Fan  shape  suggests  some  wind  variability. 
Measured  fire  size  is  40  acres. 


Fire  size  and  shape  at  1430  hours,  4/18/65. 
Measured  fire  size  is  243  acres. 


o 

Fire  size  and  shape  at  1500  hours. 
Measured  fire  size  is  485  acres. 
Fastest  spread  rates  have  occurred. 


Fire  size  and  shape  at  1600  hours. 
Measured  fire  size  is  756  acres. 

Figure  10.— The  Hellgate  Fire  exhibited  high  spread  rates  with  crowning  and  spotting. 
Passage  of  weather  fronts  after  1600  hours  caused  spread  in  several  directions, 
eliminating  further  use  of  the  fire  shape  model,  April  18, 1965.  Dotted  fire  shapes  are 
computer  estimates  and  solid  lines  are  observations. 
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Example  3: 

The  Honey  Fire  of  January  25,  1938,  was  documented  by  Olsen 
(1941)  with  detailed  plotting  of  the  perimeter  during  the  first 
hour.  The  fire  burned  predominantly  in  broomsedge  (Andro- 
pogan  sp.)  and  other  grasses  to  provide  a  uniform,  extremely 
dense  fuel  bed.  Wind  measurements  were  made  at  3.5  ft  (1.1  m) 
above  the  ground  and  indicated  a  maximum  wind  of  9.9  mi/h 
(15.8  km/h).  However,  the  t/w  ratios  for  the  period  of  1005  to 
1025  indicate  windspeeds  on  the  fire  of  19  to  20  mi/h  (30.4  to 
32.0  km/h)  were  present.  The  difference  could  be  due  to  vari- 
ability in  the  wind  or  may  be  due  to  the  fuels  having  a  larger 
surface  area  to  volume  ratio  than  the  ponderosa  pine  needles 
fuel  bed  used  by  Fons.  The  fire  shapes  in  figure  1 1  were  closely 


matched  by  the  double  ellipse  equations.  Note  in  figure  7 
that  the  fire  accelerated  during  the  first  10  minutes,  and  then 
stabilized  at  a  nearly  constant  (/vj  ratio.  Spot  fires  later 
in  the  burn  period  show  similar  fire  shapes.  Spot  fire  "F" 
that  burned  just  after  1230  had  a  //w  ratio  at  1233  of  6.1:1, 
which  from  figure  6,  or  equation  17,  corresponds  to  an  average 
wind  on  the  fire  of  about  16  mi/h  (25.6  km/h).  This  is  within  2 
mi/h  (3.2  km/h)  of  the  maximum  wind  between  1220  and  1233 
hours.  An  hour  later  spot  fire  "G"  developed  a  shape  with  a 
t/\N  ratio  of  3.5:1,  which  indicates  a  wind  decrease  to  about 
1 1  mi/h  (17.6  km/h).  The  narrative  indicates  these  spot  fires  in 
the  eastern  portion  of  the  burned  area  were  in  blackjack  oak 
(Quercus  marilandica)  stand  with  less  fire-carrying  fuel.  The  fire 
was  contained  in  this  area  at  1443  hours. 


Example    3.     The     Honey    Fire    of     Louisiana    burned    through    broomsedge 
(Andropogon  sp.)  and  other  grasses  on  January  25,  1983. 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

0955     hours 

Area 

.9  acres 

.9 

1.4 

.9 

Perimeter 

.2  miles 

2 

2 

2 

Distance 

.1  miles 

.1 

1 

1 

Windspeed 

6.7  mi/h 

67 

8.4 

flw 

2.7:1 

3.4:1 

2.3:1 

2.7:1 

Time 

1000 

Area 

10.2 

10.2 

31.3 

10.2 

Perimeter 

.9 

.9 

1.0 

8 

Distance 

.4 

A 

4 

4 

Windspeed 

9.9 

9.9 

19 

llw 

8.4:1 

9.3:1 

3.1:1 

8.4:1 

Time 

1005 

Area 

27 

27 

96 

27 

Perimeter 

1.5 

1.5 

1.7 

1.5 

Distance 

.7 

8 

.7 

.7 

Windspeed 

9.9 

99 

21 

frw 

10.5:1 

10.5:1 

3.1:1 

10.5:1 

Time 

1010 

Area 

60.5 

60.5 

254 

60.5 

Perimeter 

2.4 

2.4 

2.8 

2  ? 

Distance 

1.2 

1.2 

1  2 

i  i 

Windspeed 

9.9 

9.9 

21.1 

llvt 

10.6:1 

12.4:1 

3.1:1 

10.6:1 

Time 

1015 

Area 

109 

109 

462 

109 

Perimeter 

3.3 

3.3 

3.8 

3.1 

Distance 

1 .6 

1  6 

i  6 

1  5 

Windspeed 

9.9 

9.9 

21.2 

llw 

10.7:1 

12.4:1 

3.1:1 

10.7:1 

Time 

1020.0 

Area 

167.0 

167 

640 

167 

Perimeter 

3.9 

3.9 

4.4 

3.6 

Distance 

1.9 

1.9 

1  9 

1.8 

Windspeed 

9.9 

9  9 

20.3 

llw 

9.7:1 

11.3:1 

3.1:1 

9.7:1 

Time 

1025 

Area 

250.8 

250.8 

911.6 

250.8 

Perimeter 

4.6 

4.6 

5.3 

4.4 

Distance 

2.2 

2.3 

2  2 

2.2 

Windspeed 

9.9 

9.9 

20.2 

ll\N 

9.6:1 

10.5:1 

3.1:1 

9.6:1 
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Fire  size  and  shape  ten  minutes, 1000   hrs., after  fire  start. 
Size  is  just  over   10  acres  and  i/W  ratio  is  above  8:1. 


Fire  size  and   shape  twenty  minutes, 1010  hrs.  , after  fire  start. 
Size  is  just  over  60  acres  and    jl/uu  ratio  over   10:1. 


Fire  size  and  shape  thirty  minutes, 1020   hrs. .after  fire  start. 
Size  is  just  over   167  acres  and  i/uu  ratio   is  under   10:1. 


Fire  size  and  shape  thirty-five  minutes, 1025   hrs.,  after  fire  start. 
Size  is  just  over  250  acres  and  the   l/uj   ratio  is  under   10:1. 

ACTUAL     FIRELINE 

MODEL   OUTPUT 


Figure  11.— The  Honey  Fire,  taken  from  "An  analysis  of  the  Honey  Fire"  by  C.  F.  Olsen, 
Fire  Control  Notes,  vol.  5,  No.  4,  October  1941. 
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xample  4: 

he  Wandilo  Fire  of  April  5,  1958,  in  South  Australia  near  Mt . 
ambier  was  documented  by  McArthur  and  others  ( 1966).  A 
fire  storm"  developed  and  caused  the  death  of  eight 
refighters.  The  fire  started  in  tea  tree  (Leptospermum  spp.) 
rub  as  a  surface  fire  with  no  crowning,  but  entered  an  un- 
linned,  unpruned  cluster  pine  (Pinus pinaster)  plantation  about 
>30and  started  crowning  and  spotting.  The  wind  reduction 
as  from  about  20  mi/h  (32.0  km/h)  at  33  ft  ( 10  m)  to 
6  mi/h  (12.2  km/h).  This  reduction  suggests  the  fire  was  pre- 
aminantly  a  scrub  fire,  which  is  indicated  in  the  narrative.  The 
re  moved  into  a  Monterey  pine  (Pinus  radiatu)  stand  and  pro- 
:eded  at  a  somewhat  slower  rate  with  occasional  crowning.  The 
re  area  and  perimeter  at  this  time  suggest  a  slower  growth  rate 


with  winds  on  the  fire  of  6  to  7  mi/h  (9.6  to  11.2  km/h).  The 
wind  al  33  ft  ( 10  m)  was  averaging  22  mi/h  (35.2  km/h)  so  the 
reduction  factor  was  0.3 1 .  The  general  area  of  the  fire  storm 
contained  stands  of  die-back  timber  and  heavier  fuel  accumula- 
tion that  facilitated  crowning.  This  allowed  crown  fires  to 
develop,  and  downwind  spotting  caused  almost  an  area  ignition. 
It  is  difficult  to  say  whether  the  fire  advanced  by  spotting  or 
crowning,  but  the  fire  shape  by  the  double  ellipse  model  fits 
reasonably  well  with  a  wind  on  the  fire  of  about  !2.5  mi/h 
(20.0  km/h).  The  reduction  factor  for  23  mi/h  (36.8  km/h)  to 
12.5  mi/h  (20.0  km/h)  is  0.54,  which  agrees  with  what  would  be 
expected  just  above  a  vegetation  layer  as  compared  to  the  wind 
33  ft  (10  m)  above  the  layer.  The  elliptical  fire  shapes  for  1330, 
1500,  and  1530  hours  are  presented  in  figure  12. 


Example  4.  The  Wandilo  Fire  of  April  5,  1958,  in  South  Australia  started  in  tea 
tree  scrub  as  a  surface  fire,  but  after  entering  unthinned,  unpruned  pine  plan- 
tations it  became  a  crown  fire. 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1140     hours 

Area 

8.0  acres 

8 

13.5 

8 

Perimeter 

.3  miles 

.3 

.5 

.5 

Distance 

.2  miles 

.1 

.1 

.2 

Windspeed 

NNW  17.0  mi/h 

1.0 

7.75 

f/w 

2.6:1 

1.3:1 

1.5:1 

2.6:1 

Time 

1230 

Area 

114 

114 

144 

114 

Perimeter 

2.2 

2.2 

2.3 

1.8 

Distance 

1.0 

1.0 

1.0 

.7 

Windspeed 

NWN  20 

12.3 

8.8 

tlw 

2.8:1 

5:1 

4:1 

2.8:1 

Time 

1330 

Area 

381. 

381 

381 

381 

Perimeter 

3.9 

3.9 

4.0 

3.2 

Distance 

1.5 

1.8 

1.8 

1.2 

Windspeed 

NW  17-22 

13.8 

7.6 

//w 

2.5:1 

4.4:1 

4.7:1 

2.5:1 

Time 

1500 

Area 

900 

900 

986 

900 

Perimeter 

5.9 

5.9 

6.2 

4.8 

Distance 

2.0 

2.8 

2.8 

1.8 

Windspeed 

NW  21-23 

12.8 

6  8 

i7w 

2.3:1 

4.2:1 

4.2:1 

2.3:1 

Time 

1530 

Area 

1,547 

1,547 

3,016 

1,547 

Perimeter 

8.4 

8.4 

9.7 

7.6 

Distance 

3.4 

4.0 

4.0 

3.4 

Windspeed 

NW23 

10 

12.4 

tlw 

4.1:1 

5.3:1 

3.21 

4.1:1 

Time 

2230.0 

Area 

3,383.0 

3,383 

3,383 

— 

Perimeter 

14.5 

14.5 

9.5 

— 

Distance 

4.6 

7.1 

3.7 

— 

Windspeed 

14.0 

7.7 

— 

//w 

2.5:1 

7.5:1 

2.5:1 

— 

15 


•^ 


Fire  size  and  shape  at  1330  hours  with  over  380  acres  burned  and  a  l/w  ratio  of  2. 5  :1. 


Fire  size  and  shape  at  1500  hours  with  900  acres  burned  and  a  l/w  ratio  of  2.  3 :1. 


Fire  size  and  shape  at  1530  hours  with  1547  acres  burned  and  a  l/w  ratio  of  4. 1 :1. 

Figure  12.— The  Wandilo  Fire  in  South  Australia  on  April  5, 1958,  produced  severe  spot- 
ting that  phased  properly  with  the  winds  to  initiate  a  "fire-storm"  shortly  after  1500 
hours. 
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Example  5: 

The  Sundance  Fire  of  September  2,  1967,  was  reported  by 
Anderson  (1968)  and  illustrates  a  wind-driven  fire  moving  from 
a  fire  line  3  to  4  mi  (6.4  to  9.6  km)  wide.  The  fire  size  and 
shape  were  examined  at  1500,  1700,  1900,  2100,  and  after  2300 
hours  (fig.  13).  The  fire  shapes  do  not  fit  well  because  the  fire 
on  this  day  began  its  spread  from  a  line  rather  than  a  point. 
Spotting  began  some  time  near  1500  hours  and  continued 
through  at  least  2000  hours.  Crowning  started  after  1500  and 
played  a  significant  role  after  1800  hours.  Midflame  winds  on 
the  fire  front  began  exceeding  12  mi/h  (19.3  km/h)  at  about 
1800  hours  and  appear  to  have  been  near  16  to  17  mi/h 
(27.4  km/h)  until  after  2300  hours.  Up  through  1700  hours  the 
fire  was  generally  a  surface  and  shrub  fire  and  the  wind  reduc- 
tion coefficient  was  0.18,  indicating  overstory  material  was  slow- 
ing the  wind's  movement.  After  1700  the  wind  reduction  was 
less  because  the  fire  spread  was  more  through  the  shrub  and  tree 
crown  material.  The  earlier  fire  advance  to  the  west  is  not 
included. 

Even  though  the  double  ellipse  model  doesn't  match  a  line  fire 
during  its  intermediate  growth  stages,  a  projection  of  the  final 
size  and  shape  after  an  extended  run  appears  possible.  Figure  13 
shows  this  in  the  projection  of  the  size  after  2300  on 
September  1,  1967.  The  average  wind  on  the  flame  used  to 
estimate  a  total  run,  must  consider  the  windspeed  variation  over 
time.  It  also  must  consider  how  the  free-stream  windspeed 
above  the  vegetation  surface  is  reduced  as  the  location  of  the 
flame  front  is  reached.  In  this  case  the  average  windspeed  was 
11.5  mi/h  (18.5  km/h).  For  fires  with  wide  fire  fronts,  it  is 
probably  better  to  represent  each  edge  of  the  fire  as  a  point 
source,  project  the  fire  advance  from  these  points,  and  inscribe 
the  combined  area. 

Other  considerations  that  can  be  made  with  the  material 
developed  on  fire  size  and  shape  include  estimation  of  the 
backing  and  Hanking  rates  of  spread,  interpreting  the  change  in 
size  and  shape  over  time,  and  using  the  quadratic  equation  to 
determine  any  one  of  the  three  properties  defining  size  and 
shape  knowing  the  other  two. 

In  appendix  II,  the  Freeman  Lake  Fire  in  Idaho  illustrates  a 
fast  moving  crown  fire  that  covered  20,000  acres  (8  094  ha)  in 
12.5  hours  (example  8).    Jemison  (1932)  reports  that  by  the 
morning  of  August  4,  1931,  the  fire  had  covered  an  area  5  mi  wide 
and    11.5  mi  long  (8.0  km  by  18.5  km),  with  some  spot  fires  15  mi 


(24. 1  km)  from  the  origin.  Use  of  the  double  ellipse  model  and 
the  wind  reduction  concepts  suggests  this  fire  had  a  rVw  ratio 
of  2.3:1  for  an  average  wind  on  the  fire  of  6.8  mi/h 
(10.9  km/h).  The  wind  measured  at  the  150-ft  (45.7-m)  level  at 
Priest  River  Experiment  Forest  was  an  average  of  14.9  mi/h 
(23.8  km/h),  so  the  wind  reduction  factor  was  0.46,  which  is 
reasonable  for  the  upper  surface  of  the  vegetation  layer  or  tree 
crowns.  Solving  the  quadratic  equation  for  perimeter  yielded  a 
value  of  1 ,800  chains  (27.3  mi  or  43.7  km),  which  agreed  with 
the  double  ellipse  solution  for  an  area  of  20,000  acres 
(8  094  ha).  Fires  with  similar  rapid  spread  and  growth  have  oc- 
curred in  various  regions  of  the  United  States.  Jim  Miller5 
notes  that  several  fires  in  Wisconsin  had  the  same  features — the 
Brockway  and  Five  Mile  Tower  Fires  of  1977  and  the  Oak 
Lake  Fire  of  1980.  The  Mack  Lake  Fire  in  Michigan6  has 
features  of  fire  behavior  that  are  like  those  of  the  above  fires. 
Records  of  these  types  of  fires  will  help  evaluate  the  model  of 
fire  shape,  (examples  6  and  7). 

The  Big  Scrub  Fire  of  1935  on  the  Ocala  National  Forest  in 
Florida —  provides  a  data  point  at  the  high  ?/w  ratios  shown  in 
figure  7.  This  fire  traveled  18  mi  (29.0  km)  in  3  hours  and  had 
an  estimated  area  of  10,000  acres  (4  048  ha).  A  wind  shift 
resulted  in  another  25,000  acres  (10  120  ha)  burning  before 
rains  put  it  out.  Winds  were  reported  to  be  60  mi/h 
(96.5  km/h)  from  the  southeast,  but  the  f/w  ratio  computed 
from  the  quadratic  equation,  if  the  perimeter  is  estimated  at  2 
times  the  spread  distance,  was  found  to  be  16: 1.  This  cor- 
responds to  an  average  wind  on  the  fire  of  25  mi/h 
(40.2  km/h).  The  fire  was  reported  as  a  crown  fire  in  sand 
pine,  P.  clausa.  The  calculated  wind  reduction  factor  of  0.42 
indicates  the  average  wind  was  exerted  at  some  point  near  the 
upper  surfaces  of  the  tree  canopy,  according  to  Albini  and 
Baughman's  (1979)  presentation  on  estimating  windspeed, 
Big  Scrub  Fire  is  given  in  example  9,  Appendix  II. 

Interestingly,  the  windspeed  of  25  mi/h  (40.2  km/h)  is  essen- 
tially the  windspeed  McArthur  (1966)  found  associated  with  the 
maximum  rate  of  spread  in  grassland  fuels.  The  above  wind- 
speed  at  the  33-ft  (10m)  height  above  the  vegetation  was  found 
to  be  associated  with  fire  shapes  having  t/w  ratios  of  6: 1 .  If 
the  grass  is  1  ft  (0.3  m)  deep  and  the  flame  height  is  1  to  1 .5  ft 
(0.3  to  0.5  m)  above  the  upper  surface  of  the  grass,  the  average 
wind  on  the  flame  is  computed  to  be  between  15  and  17  mi/h 
(24.1  and  27.4  km/h).  This  i/w  ratio  and  windspeed  match 
closely  equation  17  results  (fig.  6). 


■'Jim  Miller,  personal  correspondence  of  October  26.  1981.  on  file  at  Northern 
Forest  Fire  Laboratory. 

"The  Mack  Lake  Fire,"  by  Al  Simard  and  others,  in  preparation. 
From  notes  by  Ocala  National  Forest  Ranger  John  W.  Cooper. 
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Example  5.  The  Sundance  Fire  of  September  1,  1967,  in  Idaho  had  burned  over 
6,000  acres  before  starting  its  major  run  on  this  date.  The  fire  burned  through 
slash  and  understory  shrub  material  initially.  It  became  a  running  crown  fire  in 
the  late  afternoon  and  continued  until  nearly  midnight. 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1300.0  hours 

Area 

6,202.0  acres 

6,202 

— 

— 

Perimeter 

16.2  miles 

16..2 

— 

— 

Distance 

—  miles 

7.7 

— 

— 

Windspeed 

SW  20.0  mi/h 

— 

— 

— 

llVi 

1:3.1 

4.8:1 

— 

— 

Time 

1500 

Area 

9,496 

9,496 

10,564 

1,510 

Perimeter 

18.4 

18.4 

19.5 

5.8 

Distance 

1.9 

8.6 

8.6 

1.9 

Windspeed 

SW24 

— 

11.9 

4 

//w 

1.8:1 

3.9:1 

3.9:1 

1.8:1 

Time 

1700 

Area 

15,052 

15,052 

16,903 

5,589 

Perimeter 

22.7 

22.7 

24.1 

11.5 

Distance 

4 

10.5 

10.5 

4 

Windspeed 

SW29 

11.4 

5.2 

//w 

2.0:1 

3.7:1 

3.7:1 

2.0:1 

Time 

1900 

Area 

22,145 

22,145 

24,118 

6,627 

Perimeter 

29.6 

29.6 

31.0 

16.5 

Distance 

7.5 

14.0 

14.0 

7.5 

Windspeed 

SW37 

— 

13.2 

13.6 

ll\N 

4.6:1 

4.4:1 

4.4:1 

4.6:1 

Time 

2100 

Area 

35,039 

35,039 

36,848 

15,191 

Perimeter 

42.7 

42.7 

43.9 

28.0 

Distance 

13.2 

20.7 

20.7 

13.2 

Windspeed 

SW45 

— 

16.2 

16.1 

i/w 

6.1:1 

6.2:1 

6.2:1 

6.1:1 

Time 

After  2300 

Area 

53,227 

53,227 

55,025 

22,581 

Perimeter 

54.9 

54.9 

56.1 

35.5 

Distance 

16.8 

26.8 

26.8 

16.9 

Windspeed 

SW  49-52 

17.1 

16.9 

flw 

6.6:1 

6.8:1 

6.8:1 

6.6:1 

1 8 


2300 


Fire  size  and  shape  at  1500  hours,  just  under  9500  acres. 
At  1700  hours,  just  over  15, 000  acres. 


Fire  size  and  shape  at  1900  hours,  approximately  22, 145  acres. 


Fire  size  and  shape  at  2100  hours  with  area  of  over  35, 000  acres. 


Fire  size  and  shape  after  2300  hours  with  area  near  53, 000  acres. 

Figure  13.— The  Sundance  Fire  of  September  1, 1967,  started  its  run  on  a  wide  front  such 
that  projection  from  a  single  point  appears  too  narrow.  However,  using  the  total  spread 
distance  and  an  average  wind  speed  of  1 1.5  mi/h  (18.5  km/h),  shows  a  good  fit  to  fire  size 
after  2300  hours. 
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CONCLUSIONS 

The  double  ellipse  formulation  developed  from  Fons'  wind 
tunnel  data  is  providing  useful  estimates  of  fire  size,  shape,  and 
other  physical  dimensions  for  field  use.  The  development  allows 
the  fire  size  and  shape  to  be  estimated  from  the  downwind 
distance  traveled  in  a  specified  time  and  the  average  wind  in- 
fluencing the  fire.  Equations  are  provided  that  can  express  the 
backing  and  flanking  fire  rates  of  spread  so  fires  that  have 
grown  from  a  spot  fire  to  the  line  fire  or  to  an  irregular-shaped 
area  fire  can  be  projected.  This  allows  the  opportunity  for  pro- 
jecting fire  growth  from  existing  fire  lines. 

The  accuracy  of  the  equations  for  area  and  perimeter  is 
within  10  percent  of  the  area  and  perimeter  determined 
graphically  for  Fons'  fire  sizes  and  shapes.  The  greatest  uncer- 
tainty is  in  selecting  the  windspeed  and  the  forward  rate  of 
spread.  Since  upper  winds  and  terrain  effects  must  be  con- 
sidered along  with  the  vegetative  cover  to  assess  wind,  estimates 
of  windspeed  will  have  considerable  uncertainty  about  them.  In 
addition,  wind  is  an  input  to  predicting  the  rate  of  spread  of  a 
fire.  However,  the  use  of  historical  fire  data  may  help  deter- 
mine the  resolution  that  is  possible  for  field  situations.  If  we 
assume  that  the  model  is  accurate,  working  backward  from  fire 
size  and  spread  distances,  the  average  winds  on  the  fire  can  be 
estimated.  Then  fuel  models  and  fire  spread  mathematical 
equations  can  be  exercised  to  provide  comparisons  to  field 
data.  This  way  confirmation  of  developed  models  can  be  ac- 
complished and  correlations  developed  to  allow  updating 
assumptions  made  in  the  formulations  of  equations.  Thus,  fire 
size  and  shape  equations  may  be  useful  research  tools  as  well  as 
operational  aids. 

Other  uses  have  been  evaluated,  including  use  of  the  model 
with  historical  fire,  fuel,  and  weather  records  to  establish  the 
rate  of  spread  and  wind  necessary  to  have  produced  what  is 
documented.  This  allows  an  examination  of  the  wind  reduction 
model  (Albini  and  Baughman  1979)  by  establishing  the  wind  at 
midfiame  height  and  an  estimate  of  the  free-stream  winds  20  ft 
(6. 1  m)  or  more  above  the  vegetation  cover.  These  values  can 
be  compared  to  predicted  or  observed  National  Weather  Serv- 
ice windspeeds  and  winds  measured  at  the  fire. 

The  rate  of  spread  necessary  to  produce  the  size  and  shape 
of  the  fire  can  be  tested  against  fire  spread  models  and  the 
various  fuel  models  to  determine  if  any  of  the  fuel  models  pro- 
duce predicted  values  similar  to  those  measured.  If  none  of  the 
fuel  models  provides  a  rate  of  spread  as  fast  as  the  observed/ 
recorded  field  documentation,  the  threshold  where  spotting  is 
contributing  to  fire  growth  can  be  established.  If  one  or  more 
fuel  models  equal  or  exceed  the  observed  rate  of  spread,  fuel 
model  representativeness  should  be  examined. 

Either  a  double  ellipse  or  a  simple  ellipse  fire  shape  can  be 
used  with  the  equations,  and  little  difference  in  fire  size  (acres), 
perimeter,  or  fire  shape  is  apparent.  However,  the  most  realistic 
representation  seems  to  be  the  double  ellipse.  With  either  model 
there  will  be  an  error  if  a  backing  fire  is  not  possible.  The 
model  assumes  there  is  a  backing  portion  to  the  fire  and  would 
overestimate  the  area  and  perimeter. 

Historical  fire  data  and  maps  are  being  assembled  to  more 
thoroughly  analyze  the  double  ellipse  fire  shape  model;  these 
will  be  reported  later.  Weather  and  fuel  data  will  be  acquired 
so  other  models  can  also  be  tested.  Crowning  situations  can  be 
defined  by  the  wind  reduction  coefficient  needed  to  match  the 
observed  behavior.  Investigations  on  these  will  complement 
other  work  that  is  addressing  the  problem  of  modeling  crown 
fires. 


20 


UBLICATIONS  CITED 

llbini,  Frank  A.  Estimating  wildfire  behavior  and  effects.  Gen. 
j  Tech.  Rep.  INT-30.  Ogden,  UT:  U.S.  Department  of  Agri- 
culture, Forest  Service,  Intermountain  Forest  and  Range  Ex- 
;j  periment  Station;  1976a.  92  p. 

|lbini,  Frank  A.  Computer-based  models  of  wild  land  fire 
'  behavior:  a  user's  manual.  Ogden,  UT:  U.S.  Department  of 
;  Agriculture,  Forest  Service,  Intermountain  Forest  and  Range 
\  Experiment  Station;  1976b.  68  p. 

ijlbini,  Frank  A.;  Baughman,  R.  G.  Estimating  windspeeds  for 
l  predicting  wild  land  fire  behavior.  Res.  Pap.  INT-221. 
li  Ogden,  UT:  U.S.  Department  of  Agriculture,  Forest  Service, 
J  Intermountain  Forest  and  Range  Experiment  Station;  1979. 

12  p. 
jlbini,  Frank  A.;  Chase,  Carolyn  H.  Fire  containment  equa- 
I  tions  for  pocket  calculators.  Res.  Note  INT-268.  Ogden, 

UT:  U.S.  Department  of  Agriculture,  Forest  Service,  Inter- 
j  mountain  Forest  and  Range  Experiment  Station;  1980.  17  p. 
llbini,  Frank  A.;  Korovin,  G.  N.;  Goravaya,  E.  H.  Math- 
I  ematical  analysis  of  forest  fire  suppression.  Res.  Pap. 
f  INT-207.  Ogden,  UT:  U.S.  Department  of  Agriculture, 
I  Forest  Service,  Intermountain  Forest  and  Range  Experiment 
|  Station;  1978.  19  p. 

tnderson,  Hal  E.  Sundance  Fire:  an  analysis  of  fire 
phenomena.  Res.  Pap.  INT-56.  Ogden,  UT:  U.S.  Depart- 
ment of  Agriculture,  Forest  Service,  Intermountain  Forest 
and  Range  Experiment  Station;  1968.  39  p. 
anks,  Wayne  G.  A  table  for  checking  the  reasonableness  of 
)  entries  on  fire  report  forms.  Fire  Control  Notes  24(3):  76-80; 
I  1963. 

[auneister,  Theodore,  ed.  Mark's  mechanical  engineer's  hand- 
,  book,  6th  ed.  New  York:  McGraw-Hill;  1958.  Bratten, 
Frederick  W.  Containment  tables  for  initial  attack  on  forest 
fires.  Fire  Tech.  14(4):  297-303;  1978. 
rown,  A.  A.  Guides  to  the  judgment  in  estimating  the  size  of 
a  fire  suppression  job.  Fire  Control  Notes  5(2):  89-92;  1941 . 
rown,  A.  A.;  Davis,  Kenneth  P.  Forest  fire:  control  and  use, 
2d  ed.  New  York:  1973.  686  p. 

argill,  Gary  E.  Table  speeds  fire  spread  estimates.  Fire  Con- 
trol Notes  31(2):  16;  1970. 

heney,  N.  P.;  Bary,  G.  A.  V.  The  propagation  of  mass  con- 
flagrations in  a  standing  eucalypt  forest  by  the  spotting  proc- 
ess. In:  Proceedings,  1969  mass  fire  symposium;  Canberra, 
Australia.  Maribyrnong,  Victoria,  Australia:  Defense  Stan- 
dards Laboratory;  1969.  18  p. 

urry,  J.  R.;  Fons,  W.  L.  Rate  of  spread  of  surface  fires  in  the 
ponderosa  pine  type  of  California.  J.  Agric.  Res.  57(4): 
239-267;  1938. 

)ns,  Wallace  T.  Analysis  of  fire  spread  in  light  forest  fuels.  J. 
Agric.  Res.  72(3):  93-121;  1946. 

anson,  E.  Arnold.  Man-hours  of  work  required  to  construct 
varying  lengths  of  line  under  different  resistance-to-control 
classes.  Fire  Control  Notes  5(2):  84-88;  1941. 
awley,  Ralph  C;  Stickel,  Paul  W.  Forest  protection.  New 
York:  John  Wiley  and  Sons,  Inc.;  1948.  355  p. 
irsch,  Stanley  N.  Project  Fire  Scan — summary  of  5  years' 
progress  in  borne  infrared  fire  detection.  In:  Proceedings, 
1968  5th  symposium  on  remote  sensing  of  environment.  Ann 
Arbor,  MI:  University  of  Michigan;  1968:  447-457. 


Hirsch,  Stanley  N.;  Bjornsen,  Robert  L.;  Madden,  Forrest  H.; 
Wilson,  Ralph  A.  Project  Fire  Scan  fire  mapping.  Final 
report,  April  1962  to  December  1966.  Res.  Pap.  INT-49. 
Ogden,  UT: 

U.S.  Department  of  Agriculture,  Forest  Service,  Intermoun- 
tain Forest  and  Range  Experiment  Station;  1968.  49  p. 

Hornby,  L.  G.  Fire  control  planning  in  the  Northern  Rocky 
Mountain  region.  Progress  Report  No.  1.  Ogden,  UT:  U.S. 
Department  of  Agriculture,  Forest  Service,  Intermountain 
Forest  and  Range  Experiment  Stalion;  1936.  179  p. 

Jemison,  George  M.  Meteorological  conditions  affecting  the 
Freeman  Lake  (Idaho)  fire.  Monthly  Weather  Rev.  60(  1 ): 
1-2;  1932. 

Klukas,  Richard  W.  Control  burn  activities  in  Everglade  Na- 
tional Park.  In:  Proc.  Tall  Timbers  Fire  Ecol.  Conf.  12: 
397-425;  1972. 

McArthur,  A.  G.  Weather  and  grassland  fire  behavior.  Leafl. 
No.  100,  P.D.C.  431.1-431.6.  Canberra,  Australia:  Forest 
Research  Institute;  1966.  21  p. 

McArthur,  A.  G.;  Douglas,  D.  R.;  Mitchell,  L.  R.  The 
Wandilo  Fire,  April  5,  1958.  Fire  behavior  and  associated 
meteorological  and  fuel  conditions.  Leafl.  No.  98.  Canberra, 
Australia:  Forest  Research  Institute,  Forestry  and  Timber 
Bureau;  1966.  32  p. 

Mitchell,  J.  A.  Rule  of  thumb  for  determining  rate  of  spread. 
Fire  Control  Notes  20:  395-3%;  1937. 

Olson,  C.  F.  An  analysis  of  the  Honey  Fire.  Fire  Control  Notes 
5(4):  161-178;  1941. 

Peet,  G.  B.  The  shape  of  mild  fires  in  Jarrah  forest.  Austr. 
For.  31(2):  121-127;  1967. 

Pirsko,  Arthur  R.  Alinement  chart  for  perimeter  increase  of 
fires.  Fire  Control  Notes  22(1):  1-4;  1961. 

Puckett,  John  V.;  Johnston,  Cameron  M.;  Albini,  Frank  A.; 
Brown,  James  K.;  Bunnell,  David  L.;  Fischer,  William  C; 
Snell,  J.  A.  Kendall.  User's  guide  to  debris  prediction  and 
hazard  appraisal,  revised.  Missoula,  MT:  U.S.  Department 
of  Agriculture,  Forest  Service,  Northern  Region;  1979. 

Rothermel,  Richard  C.  A  mathematical  model  for  predicting 
fire  spread  in  wild  land  fuels.  Res.  Pap.  INT-1 15.  Ogden, 
UT:  U.S.  Department  of  Agriculture,  Forest  Service,  Inter- 
mountain Forest  and  Range  Experiment  Station;  1972.  40  p. 

Simard,  A.;  Young,  A.  AIRPRO,  an  airtanker  productivity 
computer  simulation  model,  the  equations  (documentation).  Inf. 
Rep.  FF-X-66.  Ottawa,  Ontario:  Department  of  Fisheries  and 
the  Environment,  Canadian  Forestry  Service,  Forest  Fire 
Research  Institute;  1978. 

Storey,  Theodore  G.  FOCUS:  a  computer  simulation  model  for 
fire  control  planning.  Fire  Technology  8(2):  91-103;  1972. 
Boston,  MA:  National  Fire  Protection  Association. 

Taylor,  Dee  F.;  Williams,  Dansy  T.  Meteorological  conditions 
of  the  Hellgate  Fire.  Res.  Pap.  SE-29.  Asheville,  NC:  U.S. 
Department  of  Agriculture,  Forest  Service,  Southeastern  Forest 
Experiment  Station;  1967.  12  p. 

Van  Gelder,  Randall  J.  A  fire  potential  assessment  model  for 
brush  and  grass  fuels.  Fire  Management  Notes,  Summer  1976: 
14-16. 

Van  Wagner,  C.  E.  A  simple  fire-growth  model.  For.  Chron. 
4(2):  103-104.  1969. 

Wade,  Dale  D.;  Ward,  Darold  E.  An  analysis  of  the  Air  Force 
Bomb  Range  Fire.  Res.  Pap.  SE-105.  Asheville,  NC:  U.S. 
Department  of  Agriculture,  Forest  Service,  Southeastern  Forest 
Experiment  Station:  1973.  38  p. 


21 


APPENDIX  I. 

Tabulation  of  Area  and  Perimeter  Estimates  with  the 
Ellipse  Model  Prepared  by  Williams  and  Duft  for  the 
S-390  Fire  Behavior  Training  Package 


Area  Estimations  for  Point  Source  Fires: 


Area  Estimations  for  Point  Source  Fires  (continued 


Spread 
distance 

Effective  windspeed,  mi/h 

1 

3 

5 

7 

9 

11 

13 

15 

17 

19 
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Acres 

1 

1 

.1 
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00 

00 

00 

00 

00 

00 

00 
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.5 

3 

3 

.3 

.2 

.1 

.1 
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3 
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.2 

2 

.1 

.1 

4 

19 
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2 
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2 
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13 
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2 

2 

14 
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26 
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2 

16 

30 
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3 
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3 
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17 
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5 

4 

20 

27 

34 

25 
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11 

9 

7 

5 

4 

21 

52 

37 

28 

21 
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10 

8 

6 

5 

22 

57 

41 

30 

23 

18 

14 

11 

8 

7 

5 

23 

62 

45 

33 

26 

19 

15 

12 

9 

7 

6 
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68 

49 

36 

27 

21 

16 

13 

10 

8 

6 

25 

74 

53 

39 

30 

23 

18 

14 

11 

9 

7 

26 

80 

57 

43 

32 

25 

19 

15 
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9 

7 

28 

92 

67 
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29 
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9 

30 
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20 

16 

13 

10 

32 
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29 

23 

18 

14 

11 

14 
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33 

20 

21 

16 

13 

36 
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82 

62 

48 

37 

29 

23 
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14 
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123 
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54 
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33 

26 

20 

16 

40 
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137 
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77 

59 

46 

36 

29 

23 

18 

42 

209 

151 
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85 

66 

51 

40 

32 

25 

20 

44 
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166 

123 

93 

72 

56 

44 

35 

28 

22 

46 

250 
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136 

102 

79 

61 

48 

38 

30 

24 

48 

273 
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147 

111 

86 

67 

53 

42 

33 

26 

50 

296 

214 

159 

121 

93 

73 

57 

45 

36 

28 

52 

320 

231 

172 

131 

101 

79 

62 

49 

39 

31 

54 

345 

260 

186 

141 

109 

85 

6  7 

S3 

42 

33 

56 

371 

269 

200 

152 

117 

91 

72 

57 

45 

36 

58 

398 

288 

214 

163 

125 

93 

77 

61 

48 

38 

60 

426 

308 

229 

174 

134 

105 

82 

65 

52 

41 

62 

455 

129 

245 

186 

143 

112 

HH 

70 

55 

44 

64 

486 

351 

26  1 

198 

153 

119 

94 

74 

69 

47 

66 

616 

3/3 

277 

211 

163 

127 

100 

79 

63 

60 

68 

548 

30h 

206 

224 

173 

135 

106 

84 

67 

53 

70 

580 

420 

312 

237 

183 

143 

112 

89 

71 

56 

Spread  

distance   1 
chains 


Effective  windspeed,  mi/h 


9   11 
Acres 


13   15   17   19 


72  614  444  330  251  194  151  119  94  75  59 

74  649  469  349  265  205  160  126  99  79  63 

76  684  495  368  280  216  169  133  105  83  66 

78  721  521  388  295  227  178  140  111  88  70 

80  758  549  408  310  239  187  147  116  92  73 

82  797  576  429  326  251  196  154  122  97  77 

84  836  605  450  342  264  206  162  128  102  81 

86  876  634  471  358  276  216  170  135  107  85 

88  917  664  494  375  290  226  178  141  112  89 

90  960  694  516  392  303  237  186  147  117  93 

92  1003  726  540  410  316  247  195  154  122  97 

94  1047  758  563  428  330  258  203  161  128  102 

96  1092  790  588  446  345  269  212  168  133  106 

98  1138  823  612  465  359  281  221  175  139  110 

100  1185  857  638  484  374  292  230  182  145  115 

105  1306  945  703  534  412  322  254  201  159  127 

110  1434  1038  772  586  453  354  278  220  175  139 

115  1567  1134  843  641  495  386  304  241  191  152 

120  1706  1235  918  698  539  421  331  262  208  166 

125  1852  1340  997  757  585  457  360  285  226  180 

130  2003  1449  1078  819  632  494  389  308  245  195 

135  2160  1563  1163  883  682  533  420  332  264  210 

140  2323  1681  1250  950  734  573  451  357  284  226 

145  2492  1803  1341  1019  787  615  484  383  304  242 

150  2667  1930  1435  1091  842  658  518  410  326  259 

155  2847  20611533  1165  899  703  553  438  348  277 

160  3034  2196  1633  1241  958  749  590  467  371  295 

165  3227  2335  1737  1320  1019  796  627  496  394  314 

170  3425  2479  1844  1401  1082  845  666  527  419  333 

175  3630  2627  1954  1485  1146  896  705  559  444  353 

180  3840  2779  2067  1571  1213  948  746  591  470  374 

185  4057  2936  2184  1659  1281  1001  788  624  496  395 

190  4279  3097  2303  1750  1352  1056  832  658  523  417 

195  4507  3262  2426  1844  1424  1112  876  694  551  439 

200  4741  34312552  1939  1498  1170  921  730  580  462 

210  5227  3783  2814  2138  1651  1290  1016  804  639  509 

220  5737  4152  3086  2347  1812  1416  1115  883  702  559 

230  6720  4538  3375  2565  19811547  1219  965  767  611 

240  6827  4941  3675  2793  2157  1685  1327  1051  835  665 

250  7408  5362  3986  3031  2340  1828  1440  1140  906  722 

260  8013  5799  4313  3278  2531  1978  1558  1233  980  780 

270  8641  6254  4652  3535  2730  2133  1680  1330  1057  842 

280  9293  6726  5003  3802  2936  2294  1807  1431  1137  905 

290  9969  7215  5366  4078  3149  2460  1938  1535  1219  971 

300  10668  7721  5743  4364  3370  2633  2074  1642  1305  1039 


NOTE:  Interpolations  will  become  less  accurate  at  the  lower  end  of  this 
table  due  to  the  greater  spans  between  spread  distance  values 
and  the  non-linear  equations  used  to  produce  the  table  Your 
interpolated  values  may  differ  somewhat  from  those  given  by 
the  TI-59  calculator  with  CROM 
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APPENDIX  I,  continued. 

3erimeter  Estimations  for  Point  Source  Fires:  Perimeter  Estimations  for  Point  Source  Fires  (continued): 
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20 
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10 
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30 

28 
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25 

24 

23 

23 

23 

11 

43 

37 

33 

31 

29 

27 

26 

26 

26 

25 

12 

47 

41 

36 

33 

31 

30 

29 

28 

27 

27 

13 

50 

44 

39 

3b 

34 

32 

31 

30 

30 

29 

14 

54 

47 

43 
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33 

32 

32 
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58 

51 

46 

42 
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34 
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45 
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17 

66 

58 

52 

48 

46 

42 

41 

40 

39 

39 
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55 

50 

4  7 

45 

43 

42 

41 

41 

19 

74 

65 

58 

58 

60 

47 

46 

45 

44 

43 

20 

78 

68 

61 

56 

52 

50 

48 

47 

46 

46 

21 

82 

71 

64 

59 

55 

53 

51 

49 

48 

48 

22 

80 

75 

67 

62 

58 

55 

53 

52 

51 

50 

23 

90 

78 

70 

64 

60 

68 

56 

54 

53 

52 

24 

94 

82 

73 

67 

63 

60 

58 

57 

55 

55 

25 

98 

85 

76 

70 

66 

63 

60 

59 

58 

57 

26 

101 

88 

79 

73 

68 

65 

63 

61 

60 

59 

28 

109 

95 

Hi., 

79 

74 

70 

68 

66 

65 

64 

30 

117 

102 

92 

84 

79 

76 

73 

7! 

69 

69 

32 

125 

109 

98 

90 

84 

80 

78 

76 

74 

73 

34 

133 

116 

104 

96 

90 

85 

82 

80 

79 

73 

36 

141 

123 

110 

101 

95 

90 

87 

85 

83 

82 

38 

148 

130 

116 

107 

100 

95 

92 

90 

88 

87 

40 

156 

136 

122 

112 

105 

101 

97 

95 

93 

92 

42 

164 

143 

129 

118 

111 

106 

102 

99 

97 

96 

44 

172 

150 

135 

124 

116 

111 

107 

104 

102 

101 

46 

180 

157 

141 

129 

121 

116 

112 

109 

107 

1 05 

48 

188 

164 

147 

135 

127 

121 

117 

114 

111 

110 

50 

196 

171 

153 

141 

132 

126 

121 

118 

116 

115 

52 

203 

177 

1  r-9 

146 

137 

131 

126 

123 

121 

119 

54 

211 

184 

165 

152 

143 

136 

131 

128 

125 

124 

56 

219 

191 

172 

158 

148 

141 

136 

133 

130 

128 

58 

22  7 

198 

178 

163 

153 

146 

141 

137 

135 

133 

60 

235 

205 

184 

169 

158 

151 

146 

142 

139 

138 

62 

243 

212 

190 

175 

164 

156 

151 

147 

144 

142 

64 

250 

219 

196 

160 

169 

161 

156 

152 

119 

!47 

66 

258 

225 

202 

186 

174 

166 

160 

156 

153 

151 

68 

266 

232 

208 

192 

180 

171 

165 

161 

158 

156 

70 

2/4 

239 

216 

197 

185 

176 

170 

166 

163 

161 

Spread  Effective  windspeed,  mi/h 

distance   1    3   5    7    9   11   13   15   17   19 
chains  Acres 


72  282  246  221  203  190  131  175  171  167  165 

74  290  253  227  209  196  186  180  175  172  170 

76  297  260  233  214  201  191  185  180  177  174 

78  305  266  239  220  206  197  190  185  181  179 

80  313  273  245  225  211  202  195  190  186  184 

82  321  280  251  231  217  207  199  194  191  188 

84  329  287  258  237  222  212  204  199  195  193 

86  337  294  264  242  227  217  209  204  200  197 

88  344  301  270  248  233  222  214  209  205  202 

90  352  308  276  254  238  227  219  213  209  207 

92  360  314  282  259  243  232  224  218  214  211 

94  368  321  288  265  249  237  229  223  219  216 

96  376  328  294  271  254  242  234  228  223  220 

98  384  335  301  276  259  247  289  232  228  225 

100  392  342  307  282  264  252  243  237  233  230 

105  411  359  322  296  278  265  256  249  244  241 

110  431  376  337  310  291  277  268  261  256  253 

115  450  393  353  324  304  290  280  273  268  264 

120  470  410  368  338  317  303  295  285  279  276 

125  490  427  383  353  331  315  304  297  291  287 

130  509  444  399  367  344  328  317  308  303  299 

135  529  462  414  381  357  341  329  320  314  310 

140  548  479  430  395  370  353  341  332  326  322 

145  568  496  445  409  384  366  353  344  338  333 

150  588  513  460  423  397  378  365  356  349  345 

155  607  530  476  437  410  391  378  368  361  356 

160  627  547  491  451  423  404  390  380  373  368 

165  646  564  506  466  437  416  402  392  384  379 

170  666  581  522  480  450  429  414  404  396  391 

175  686  599  537  494  363  442  426  415  408  402 

180  705  616  552  508  476  454  439  427  419  414 

185  725  633  568  522  490  467  451  439  431  425 

190  744  650  583  536  503  479  463  451  443  437 

195  764  667  599  550  516  492  475  463  454  448 

200  784  684  614  564  529  505  487  475  466  460 

210  823  718  645  593  556  530  512  499  489  483 

220  862  753  675  621  582  555  536  522  513  506 

230  901  787  706  649  609  581  560  546  536  529 

240  940  821  737  677  635  606  585  570  559  552 

250  980  855  767  706  662  631  609  594  583  575 

260  1019  889  798  734  688  656  634  617  606  598 

270  1058  924  829  762  715  682  658  641  629  621 

280  1097  958  860  790  741  707  682  665  653  644 

290  1136  992  890  819  768  732  707  689  676  667 

300  1176  1026  921  847  794  757  731  713  699  690 


NOTE  Interpolations  will  become  less  accurate  at  the  lower  end  ol  this 
table  clue  to  the  greater  spans  between  spread  distance  values 
and  the  non-linear  equations  used  to  produce  the  table  Your 
interpolated  values  may  differ  somewhat  from  those  given  by  the 
TI-59  calculator  with  CROM 
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APPENDIX  II 


Notes 

The  five  example  fires  cited  previously  (pages  8  through 
19)  and  the  four  here  (examples  6  through  9)  have  their 
critical  values  tabulated  and  compared  to  values  computed  for 
a  simple  ellipse  using  the  quadratic  equation  approach,  and  for 
the  double  ellipse  model  using  equations  2  through  9.  The  docu- 
mented values  of  column  1  are  obtained  from  reports  and  tables 
or  transcribed  from  maps  of  fire  growth.  The  perimeter,  if  not 
available,  is  estimated  as  2.5  times  the  spread  distance. 

The  simple  ellipse  column  uses  the  area  and  perimeter  values 
of  column  one  in  the  quadratic  equation  (equation  13)  to  deter- 
mine the  major  and  minor  semiaxes,  a  and  b,  of  the  ellipse. 
The  total  major  axis  dimension,  2a,  is  entered  as  the  spread 
distance.  The  ration,  a/b,  is  entered  as  the  iVw  ratio. 

The  third  column,  for  the  double  ellipse  model,  uses  the 
spread  distance  of  column  1  and  applies  the  wind  reduction 
factors  (Albini  and  Baughman  1979)  to  the  wind  at  20  ft 
(6. 1  m)  to  compute  the  average  wind  on  the  fire.  These  values 
are  used  with  equations  2  through  9  to  calculate  the  area, 
perimeter,  and  f/w  ratio  values  that  are  listed.  The  wind  reduc- 
tion factors  are  derived  using  descriptions  of  the  fire  behavior 
to  estimate  where  the  fire  is  burning  into  the  fuel  complex — 
surface,  understory,  or  overstory,  and  from  descriptions  of 
vegetation  types  to  determine  the  resistance  to  air  movement. 

The  adjusted  double  ellipse  of  column  4  shows  the  best  fit 
the  model  can  make  to  the  documented  data.  The  //w  ratio 
that  is  documented  is  used  with  figure  7  to  estimate  the  average 
wind  over  the  fire.  This,  along  with  the  spread  distance,  is  used 
to  compute  the  area  and  perimeter  of  the  fire.  Minor  adjust- 
ments to  windspeed  and/or  spread  distance  may  be  made  to 
improve  the  match  to  column  one.  This  is  an  iterative  process 
to  try  to  provide  insights  to  where  the  greatest  uncertainties 
exist. 

The  dimensions  used  in  the  table  are  for  spread  distance  in 
miles,  windspeed  in  miles  per  hour,  perimeter  in  miles,  and  area 
in  acres.  If  figure  6  is  used,  area  has  to  be  expressed  as  the 
square  of  the  unit  used  to  measure  the  spread  distance — for  in- 
stance, if  miles  for  distance,  then  square  miles  for  area. 
Perimeter  and  spread  distance  must  be  measured  in  the  same 
units. 
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Example  6.  Wisconsin  Fire  Suppression  Handbook  Example,  No  Control.  Time 
of  event  is  3  hours  from  start  of  fire.  Fire  is  a  crown  fire  moving  over  forested 
land,  probably  jack  pine  (P.  banksiana). 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

3.0  hours 

Area 

5,320.0  acres 

5,320 

5,969 

5,320 

Perimeter 

14.0  miles 

14.0 

14.7 

12.3 

Distance 

5.5  miles 

6.6 

6.6 

5.0 

Windspeed 

—  mi/h 

12.5 

8.7 

tl\N 

2.8:1 

4.1:1 

4.1:1 

2.8:1 

Time 

4.0 

Area 

11,200 

11,200 

12,560 

11,200 

Perimeter 

20 

20 

21.2 

18.1 

Distance 

7.8 

9.3 

9.3 

7.4 

Windspeed 

11.9 

9.1 

llw 

2.9:1 

3.9:1 

3.9:1 

2.9:1 

Example  7.  Wisconsin  Fire  Suppression  Handbook  Example,  Good  Control. 
Time  of  event  is  1  hour  after  fire  start.  Fire  is  a  crown  fire  moving  over  forested 
land,  probably  jack  pine  (P.  banksiana). 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1.0  hours 

Area 

460.0  acres 

460 

588 

460 

Perimeter 

3.5  miles 

3.5 

4.6 

3.4 

Distance 

1.4  miles 

1.5 

1.5 

1.2 

Windspeed 

—  mi/h 

7.6 

5.9 

f/w 

2.2:1 

2.6:1 

2.5:1 

2.2:1 

Time 

2.0 

Area 

1,300.0 

1,300 

1,396 

1,300 

Perimeter 

7.5 

7.5 

7.8 

7.5 

Distance 

3.2 

3.6 

3.4 

Windspeed 

14.2 

14.0 

llw 

4.9:1 

5.0:1 

4.9:1 

4.9:1 

Time 

3.0 

Area 

1,900.0 

1,900 

1,993 

1,900 

Perimeter 

10.0 

10 

10.3 

10.5 

Distance 

4.5 

4.9 

4.9 

5.0 

Windspeed 

— 

16.3 

17.2 

tlw 

6.9:1 

6.2:1 

6.2:1 

6.9:1 

Time 

4.0 

Area 

2,200 

2,200 

2,291 

2,200 

Perimeter 

12.0 

12 

12.2 

12.3 

Distance 

5.6 

5.9 

5.9 

6.0 

Windspeed 

18.5 

19.0 

f/w 

8.4:1 

7.9:1 

7.9:1 

8.4:1 
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Example  8.  The  Freeman  Lake  Fire  in  northern  Idaho  on  August  3,  1931,  started 
in  a  stand  of  young  Douglas-fir  interspersed  with  patches  of  brush  and  grass. 
All  dead  fuels  were  very  dry  with  duff  and  slash  moisture  contents  under 
10  percent  and  as  low  as  4  to  5  percent. 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

1030.0  to 
2300.0  hours 

Area 

20,000.0  acres 

20,000 

34,000 

20,005 

Perimeter 

N/A  miles 

22.5 

29.4 

22.6 

Distance 

11.5  miles 

9 

11 

8.4 

Windspeed 

14.9  mi/h 

— 

6.8 

6.8 

tlw 

2.3:1 

2.3:1 

2.3:1 

2.3:1 

Example  9.  The  Big  Scrub  Fire  occurred  in  the  spring  of  1935  in  Florida  from  a 
burning  stump  on  muck  land,  but  moved  quickly  into  the  crowns  of  the  sand 
pine  (P.  clausa). 


Variable 

Documented 

Simple  ellipse 

Double  ellipse 

Double  ellipse 

values 

values 

values 

adj.  values 

Time 

N/A  hours 

Area 

10,000.0  acres 

10,000 

Winds 

10,000 

Perimeter 

36.0  miles 

36 

exeed 

36.1 

Distance 

18.0  miles 

18.1 

range  of 

18.0 

Windspeed 

SW  60.0  mi/h 

model 

2.5 

f/w 

N/A 

16:1 

16.5 
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Documents  the  analysis  of  wind  tunnel  experiments  on  fire  spread  that  pro- 
duced a  double  ellipse  concept  of  fire  area  growth.  This  provides  ways  of 
estimating  size  (area),  shape  (perimeter),  and  length  to  width  ratio  of  a  wind- 
driven  wild  land  fire.  The  only  inputs  needed  are  estimates  of  the  windspeed 
and  the  expected  fire  spread  distance.  Equations  are  available  to  estimate  flank 
and  backing  fire  rates  of  spread.  Graphs  show  the  relationship  of  wind  to  fire 
size  and  shape  properties.  Fire  growth  in  terms  of  perimeter  and  area  is 
available  to  aid  fire  management  activities  involving  treatment  or  suppression. 
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The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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Profitable  management  of  second-growth  timber  in  the 
Northern  Rockies  will  be  influenced  by  the  economics  of 
small  timber  harvesting.  The  small  average  stem  size  of 
second-growth  stands  coupled  with  low  product  values 
tends  to  make  current  logging  systems  uneconomical  in 
many  areas. 

In  this  study,  a  whole-tree  harvesting  system  designed 
to  produce  logs  and  chips  was  evaluated  on  four  sites, 
each  with  a  different  silvicultural  prescription.  The  system 
consisted  of:  feller-bunchers,  grapple-equipped  rubber- 
tired  skidders,  a  tree  processor,  a  whole-tree  chipper,  and 
a  hydraulic  log  loader.  Production  rates  for  the  overall 
system  and  for  its  various  components  were  developed 
with  time-motion  study  techniques.  Variation  in  productiv- 
ity between  study  areas  was  analyzed  with  respect  to 
stand  and  site  characteristics. 

Results  of  this  study  indicated:  (1)  The  system  can  pro- 
duce chips  and  logs  at  acceptable  rates  for  a  range  of  site 
and  stand  conditions.  Daily  production  ranged  from  89  to 
193  tons  (81  to  176  tonnes)  of  logs  and  119  to  178  tons 
(108  to  162  tonnes)  of  chips.  (2)  The  proportions  of  chip- 
pable  and  sawable  material  available  in  the  stand  affect 
overall  system  productivity  and  productivity  of  system 
components.  (3)  The  complete  utilization  of  slash  by  the 
system  provided  additional  forest  management  benefits. 
These  included:  reduction  in  bark  beetle  hazard,  reduction 
of  future  site  preparation  activities  (especially  burning), 
and  improved  appearance  of  harvested  stands. 


The  use  of  trade,  firm,  or  corporation  names  in  this 
publication  is  for  the  information  and  convenience 
of  the  reader.  Such  use  does  not  constitute  an  of- 
ficial endorsement  or  approval  by  the  U.S.  Depart- 
ment of  Agriculture  of  any  product  or  service  to  the 
exclusion  of  others  which  may  be  suitable. 
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INTRODUCTION 

The  harvest  of  small  timber  of  commercial  size  has  historically 
been  a  problem  due  to  relatively  high  logging  costs  per  unit 
coupled  with  low  product  values.  Small  logs  are  typically  proc- 
essed into  studs  (8- ft  2"x4",  2"x6",  etc.).  Because  demand 
and  price  constantly  fluctuate,  the  process  of  harvesting  and 
conversion  of  small  timber  to  studs  is  difficult  and  marginally 
profitable.  Nevertheless,  small  timber  represents  a  relatively 
large  percentage  of  the  volume  of  timber  available  in  the  Rocky 
Mountain  area,  and  this  percentage  will  increase  in  the  coming 
decades  as  old-growth  timber  stands  are  converted  to  managed 
stands.  If  costs  of  logging  small  trees  were  reduced,  the  ulti- 
mate profitability  of  the  production  of  framing  material  could 
be  improved  dramatically. 

Stands  of  small  timber  are  of  two  basic  types.  There  is  the 
relatively  old  stand,  with  small-diameter  trees  that  have  little 
potential  for  further  net  growth.  Such  stands  occupy  valuable 
growing  space  yet  contribute  little  to  site  productivity.  Stagnant 
old-growth  lodgepole  pine  (Pinus  contorta  var.  latifolia 
Engelm.)  and  stands  of  true  fir  (Abies  spp.)  are  common 
examples.  The  harvesting  and  subsequent  regeneration  of  these 
stands,  usually  by  clearcutting,  would  bring  these  areas  back 
into  production. 

The  second  type  of  small-timber  stand  is  the  relatively  young, 
overstocked  stand  with  some  stems  of  small  commercial  size. 
Partial  cutting,  such  as  a  commercial  thinning,  would  permit 
added  growth  on  the  remaining  stems  and  prevent  the  stagna- 
tion of  the  first  type  of  stand.  Such  partial  cuts  in  young 
ponderosa  pine  (Pinus  ponderosa  Dougl.  ex  Laws.)  stands 
would  also  help  prevent  buildup  of  bark  beetle  populations  by 
maintaining  tree  vigor.  These  young,  overstocked  stands  are  of 
critical  importance  because  a  shortage  of  merchantable  timber 
is  expected  after  the  old-growth  has  been  harvested.  The  faster 
these  young  stands  are  brought  to  merchantable  sizes,  the 
shorter  will  be  the  time  interval  with  a  lower  harvesting  rate.  It 
is,  therefore,  highly  desirable  that  young  stands  are  managed  so 
as  to  fully  utilize  the  growth  potential  of  the  site. 

Management  of  small  timber  is  also  affected  by  the  demand 
for  wood  fiber  suited  to  the  manufacture  of  paper,  fiberboard. 


particleboard,  or  hog  fuel.  Historically,  mill  trimmings  and 
waste  have  been  the  source  of  such  material.  However,  during 
slack  market  periods  when  lumber  and  veneer  production  is  re- 
duced, the  supply  of  such  waste  material  is  also  reduced.  Small- 
sized  timber  could  help  satisfy  the  raw  material  shortfall  during 
these  intervals. 

This  study  was  undertaken  to  explore  one  alternative  for 
utilizing  postlogging  residues  and  to  determine  the  feasibility  of 
generating  boiler  fuel  from  thinning  operations  for  the  Forest 
Service  and  Champion  Timberlands,  respectively.  The  study 
took  place  during  August  1980.  It  is  one  of  a  series  of  studies 
dealing  with  utilizing  material  from  thinning  operations  in 
western  Montana. 

Study  Objectives 

The  objective  of  this  study  was  to  test  the  feasibility  of  a 
mechanical  harvesting  system  designed  to  process  small  logs 
and  produce  chips  suitable  for  hog  fuel  and  pulp  and  paper. 
The  logging  system  is  shown  schematically  in  figure  1.  Specific 
goals  were: 

1.  Compare  the  productivity  and  advantages  of  falling  and 
prebunching  turns  for  grapple  skidders  by  a  feller-buncher  (tree 
shear)  relative  to  conventional  sawyer  falling,  choker-skidding 
logging  methods. 

2.  Compare  the  quality  of  logs  manufactured  by  a  tree 
processor  to  that  for  logs  produced  by  conventional  methods. 
Also,  determine  production  rates  for  the  tree  processor. 

3.  Compare  the  loading  time  for  small  logs  delimbed  and 
bucked  by  a  tree  processor  to  those  for  logs  decked  in  a  con- 
ventional system. 

4.  Evaluate  the  tree  processor-chipper  logging  system  as  a 
forest  management  tool.  Specific  tasks  to  be  considered 
include: 

a.  Thinning  stands  on  a  cornmercial  basis. 

b.  Clearing  stands  of  small  trees  for  regeneration  on  a 
commercial  basis. 

c.  Reducing  insect  damage  potential  in  ponderosa  pine 
stands. 


Tree  4-18  "d.  b.  h. 


Feller-  Buncher 


Sheared  Trees 
in  bunches 


Tree  18"d.b.h.  + 


Tops  (with  or 
without  top  logs) 


Grapple  Skidders 

I 

Hahn  Treelength  Harvester 


Butt  Logs 


Grapple  Skidders 


Tops,  limbs,  cull  trees, 
undersized  trees 


Trelan  Chipper 
(Model  DL-  18) 


Logs 

I 

Hydraulic  Log  Loader 


Log  Irui  k 


Chip  Stockpile 

I 

Auger  & 
Bulldozer 


Chip  Truck 

Figure  1. — Flow  diagram  of  a  harvesting  system  for 
logs  and  whole-tree  chips  (hog  fuel),  using  a  Hahn 
Treelength  Harvester  in  conjunction  with  a  Trelan 
Model  1)1.-18  whole-tree  chipper. 

d.  Eliminating  slash  disposal  costs  through  100  percent 
tree  utilization. 

e.  Maintaining  air  quality  by  eliminating  slash  burning. 

f.  Improving  stand  access  and  recovering  greater 
volume. 

g.  Improving  esthetics  of  harvested  areas. 


STUDY  METHODS 

Study  Area  Description 

Figure  2  shows  the  location  of  the  four  cutting  blocks  near 
Missoula,  Mont.  The  blocks  varied  with  respect  to  timber  type, 
terrain,  and  cutting  method,  reflecting  the  diversity  of  condi- 
tions on  which  the  logging  system  might  be  applied. 

Marking,  Cruising,  and  Block  Layout 

The  Gold  Creek  lodgepole  pine  block  was  clearcut. 
Therefore,  only  the  boundaries  were  marked.  Leave  trees  on 
the  remaining  blocks  were  marked  with  blue  paint.  Rings  were 
painted  around  the  tree  at  about  breast  height  and  also  just 
above  the  groundline  so  tree  shear  operators  could  identify  the 
leave  trees  from  all  directions  (conventional  leave  marking  for 
Champion  Timberlands  consists  of  vertical  blue  stripes).  Blocks 
were  cruised  to  ensure  that  the  stands  were  carefully  charac- 
terized, especially  with  regard  to  stem  size  distribution. 

Arkansas  Creek  block.— This  20-acre  (8. 1-ha)  logging  block 
was  established  in  a  young-growth  stand  of  approximately 
80  percent  ponderosa  pine,  15  percent  Douglas-fir  (Pseudotsuga 
menziesii  var.  glauca  [Beissn.]  Franco),  and  5  percent  western 
larch  (Larix  occidentalis  Nutt.).  The  cutting  was  designated  a 


shelterwood  cut.  Leave  trees  were  identified.  The  terrain  was  a 
flat  bench  with  about  a  5  percent  slope.  This  stand  was  chosen 
to  represent  a  relatively  light  harvest  volume  shelterwood  cut. 
The  cruise  summary  for  the  block  was: 


Item1 

Basal  area  (ft2) 

Number  -chippable  stems  <  9"  d.b.h.2 

-saw  log  stems  >9"d.b.h. 
Total  trees 
Volume  -  chippable  trees  (ft3) 

-  saw  log  trees  (ft3) 

-  total  (ft3) 

-tops  of  saw  log  trees3  (ft3) 
-Scribner-6"  top  d.b.h.  (bd.ft.) 
-per  tree  (bd.ft.) 
Area  (acres) 


Per 

acre 

99 

278 

85 

363 

579 

1,418 

1,997 

112 

4,280 

50 


Pen 

bloc 

l,9i< 

5,5( 

1,7( 

7,21 

11,51 

28.3C 

39,9^ 

2,241 

85,60 

: 


See  whole-tree  chipping  section  for  discussion  of  utilization. 
Except  for  occasional  cull  trees  >9"  d.b.h. 

Does  not  include  limbs  and  needles  harvested  for  hog  fuel,  not  quantified  du< 
to  losses  during  harvesting. 


Gold  Creek  block.— This  12.7-acre  (5. 1-ha)  logging  block 
was  established  in  a  70-year-old  lodgepole  pine  stand.  The 
species  mix  was  approximately  98  percent  lodgepole  pine  and 
2  percent  ponderosa  pine.  The  stand  was  clearcut  with  the  ex- 
ception of  scattered,  large  old-growth  ponderosa  pine,  larch, 
and  a  few  young-growth  ponderosa  pine  of  good  form.  The 
terrain  was  relatively  flat,  ranging  from  5  to  25  percent  on 
small  areas  of  steeper  ground.  This  block  is  representative  of 
stagnant  lodgepole  pine  stands  in  the  Northern  Rockies. 


The  cruise  summary  for  the  block  was: 

Item1 

Basal  area  (ft2) 

Number  -chippable  stems  <  9"  d.b.h. 

-saw  log  stems  >9"d.b.h. 
Total  trees 
Volume  -chippable  trees  (ft3) 

-  saw  log  trees  (ft3) 
-total  (ft3) 

-  tops  of  saw  log  trees  (ft3) 
-Scribner-6"  top  d.b.h.  (bd.ft.) 

-per  tree  (bd.ft.) 
Area  (acres) 


Per 

acre 

137 

265 

187 

452 

1,531 

3,583 

5,114 

945 

11,504 

62 


Per 

blocl 


1 
3 
2 
5 

19 
45 
64 
12 
146 


,741 
,36i 

,37  i 

JA) 

,44  t 

,5CI 

,944 

,0C 

,1C 

12. 


Sunflower  Road  block.— This  4.5-acre  (1.8-ha)  logging  block 
was  established  in  a  young  western  larch  stand.  The  species  mi: 
was  estimated  to  be  80  percent  western  larch,  10  percent  lodge- 
pole pine,  and  10  percent  Douglas-fir.  The  terrain  consisted  of 
smooth  slope  of  about  25  percent  grade  throughout.  The  blocl 
represented  a  commercial  thinning  of  fairly  light  log  volume  or 
slopes  near  the  maximum  capability  for  conventional  tree  sheai 
and  rubber-tired  skidders.  The  area  also  had  a  restricted  landir 
area  and  provided  an  opportunity  to  gain  experience  and  data 
on  the  processing  of  western  larch. 
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Figure  2.— Location  of  study  blocks  on  Champion  International  lands  in  western  Montana. 


The  cruise  summary  was: 


Per 

Per 

Item1 

acre 

block 

Basal  area  (ft2) 

147 

661 

Number  -chippable  stems  <  9"  d.b.h. 

44! 

1,984 

-saw  log  stems  >9"d.b.h. 

117 

526 

Total  trees 

558 

2,511 

Volume  -chippable  trees  (ft3) 

1,610 

7,245 

-saw  log  trees  (ft3) 

2,830 

12,735 

-  total  (ft3) 

4,440 

19,980 

-  tops  of  saw  log  trees  (ft3) 

496 

2,232 

-Scribner-6"  top  d.b.h.  (bd.ft.) 

11,441 

51,484 

-per  tree  (bd.ft.) 

97 

Area          (acres) 

4  5 

Sheep  Flats  blocks. — Three  blocks  were  established  of  17.5, 
5.6,  and  20  acres  (7.1,  2.3,  and  8.1  ha),  respectively.  The  spe- 
cies mix  was  approximately  80  percent  ponderosa  pine  and 
20  percent  Douglas-fir.  Slopes  were  generally  less  than  5  per- 
cent, with  the  exception  of  about  2  acres  (0.8  ha)  with  slopes 
up  to  15  percent.  Leave  trees  were  marked  and  the  dominant 
cutting  practice  was  the  shelterwood  method  with  some  com- 
mercial thinning.  These  blocks  were  representative  of  a  stand 
with  large  harvestable  trees  that  would  also  be  attractive  to  con- 
ventional logging  operations. 


The  cruise  summary  was:4 


Per 

Per 

Item1 

acre 

block 

Basal  area  (ft2) 

155 

2,961 

Number  -chippable  stems  <  9"  d.b.h. 

161 

3,075 

-saw  log  stems  >9"d.b.h. 

129 

2,464 

Total  trees 

290 

5,539 

Volume  -chippable  trees  (ft3) 

687 

13,122 

-  saw  log  trees  (ft3) 

2,969 

56,708 

-total  (ft3) 

3,656 

69,830 

-Scribner-6"  top  d.b.h.  (bd.ft.) 

10,676 

203,912 

-  per  tree  (bd.ft.) 

84 

Area           (acres) 

19.1 

'T'he  cruise  summary  was  for  13.5-  and  5.6-acre  (5.5-  and  2.3-ha)  units  in- 
itially set  up;  4  acres  (l.f*  ha)  were  added  to  the  13.5-acre  (5.5-ha)  upit.  The  ad- 
ditional areas  of  4  and  20  acres  (1.6  and  8.1  ha)  were  similar  to  the  cruised 
units. 


Logging  Equipment  and  Methods 

Feller-bunchers.— An  International  track-mounted  feller- 
buncher  (Model  3966-B)  did  most  of  the  felling  and  bunching 
for  the  study.  A  Melroe  Bobcat  (Model  1079)  feller-buhcher 
was  also  used  on  the  Gold  Creek  lodgepole  pine  and  on  the 
Sheep  Flats  blocks.  The  Bobcat  shear  had  an  accumulator  to 
hold  two  or  more  cut  stems,  while  the  International  did  not. 
Conventional  powersaws  were  used  to  fall  trees  18  inches 
(45.7  cm)  d.b.h.  and  larger  that  were  too  large  for  the  feller- 
bunchers.  Sawyers  also  limbed  and  bucked  the  first  log  out  of 
very  large  trees.  The  bunches  were  not  sorted  according  to  mer- 
chantability. Bunches  were  oriented  butt  first  toward  the  land- 
ing to  facilitate  skidding  as  shown  in  figure  3.  Unmarked  trees 
were  sheared  to  a  6-inch  (15.2-cm)  lower  d.b.h.  limit. 


the  landing  schematically.  The  landing  could  be  (and  was)  split 

up  if  either  the  tree  processor  or  the  chipper  was  unavailable, 

or  if  landings  were  too  small  to  accommodate  all  of  the  equipment. 


I^IOHE*"  Shin  •,.«&"..  *ff 

Figure  3.— Bunched  trees  oriented  toward  landing. 

Skidding  machines.— -Two  John  Deere  Model  640  rubber- 
tired  skidders  were  used  to  do  the  skidding.  One  skidder  was 
equipped  with  a  grapple  and  the  other  with  chokers.  The  grap- 
ple machine  operated  primarily  on  and  close  to  the  landing, 
while  the  choker  machine  was  used  to  forward  bunches  from 
the  back  of  the  units.  This  separation  of  the  skidders  elim- 
inated the  hazardous  unhooking  of  chokers.  Also,  there  was 
less  delay  with  the  grapple  skidder  at  the  machine-crowded 
landing. 

Tree  processor. — The  machine  used  was  a  new  Hahn  Tree- 
length  Harvester  equipped  with  two  control  cabs.  One  operator 
controlled  the  log  processing  while  the  other  operator  con- 
trolled the  grapple,  which  fed  trees  to  the  processor  and  also 
helped  sort  bunches  and  feed  the  chipper. 

Whole-tree  chipper. — A  Trelan  Model  DL-18  whole-tree 
chipper  manufactured  by  Strong  Manufacturing  Company 
chipped  tops  and  cull  trees  for  hog  fuel.  This  model  was  also 
equipped  with  a  grapple  loader. 

Log  loading. — A  truck-mounted  Husky  Brute  hydraulic 
loader  loaded  the  logs  produced.  The  loader  was  normally  sta- 
tioned next  to  the  tree  processor  and  sorted  logs  when  a  truck 
was  not  available. 

Chip  vans. — Chip  vans  were  used  to  transport  hog  fuel 
chips.  The  vans  were  not  disconnected  from  the  tractors  when 
they  were  filled,  although  this  would  be  an  option.  Four  types 
of  vans  were  used  in  the  study,  described  in  appendix  A.  Figure 
4  shows  the  landing  on  Sheep  Flats  block;  figure  5  illustrates 


Figure  4. — Landing  at  the  Sheep  Flats  block. 
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1.  Log  Truck 

2.  Hydraulic  Loader 

3.  Hahn  Harvester 

4.  Whole  Tree  Chipper 

5.  Truck  Tractor  used  to  move  Chipper 

6.  Chip  Van 

7.  Path  of  Skidder(s) 

Figure  5.— Orientation  of  equipment  on  the  landing 
as  used  in  the  study. 


Crew  Members  and  Organizations 

Hahn  Manufacturing  Co.  supplied  two  operators  who  had 
some  experience  with  the  tree  processing  machine.  We  trained 
the  operator  responsible  for  cutting  out  logs  to  recognize  the 
tree  species  and  the  corresponding  log  lengths  desired.  Strong 
Manufacturing  Co.  also  supplied  an  experienced  operator  for 
the  chipper.  A  logger  under  hourly  contract  provided  the  two 
rubber-tired  skidders,  hydraulic  loader,  sawyer,  and  an 
operator  for  the  International  feller-buncher.  The  International 
tree  shear  was  rented  from  a  local  equipment  dealer.  The 
Melroe  Bobcat  feller-buncher  and  operator  were  provided  by  a 
local  contract  logger.  Champion  Timberlands  furnished  data 
collectors,  who  were  trained  and  supervised  by  the  USDA 
Forest  Service  study  coordinator.  Crew  supervision  for  the 
landing  and  woods  operation  was  cooperative  and  flexible  to 
take  advantage  of  various  ideas  and  skills.  Most  crew  members 
were  highly  motivated  and  production  conscious. 

Data  Collection 

Time  study  methods. — Detailed  time  data  were  collected  at 
each  study  area  for  the  shearing,  skidding,  tree  processing,  and 
chipping  phases  of  the  logging  system.  For  a  sampling  period 
the  activity  of  each  machine  was  timed  with  a  stop  watch  to  the 
nearest  0.01  minute  and  the  production  of  each  machine  tallied. 
The  sampled  time  for  each  machine  was  broken  into  two  parts: 
that  spent  in  active  production  and  that  spent  in  nonproductive 
activities,  termed  downtime.  Downtime  was  further  subdivided 
into  categories  so  that  causes  of  lost  production  could  be  iden- 
tified. The  data  collected  for  each  machine  are  described  below. 

Feller-bunchers. — Feller-buncher  production  for  the  tree 
shears  was  in  trees  cut  per  minute  for  the  sample  period.  Mer- 
chantable and  unmerchantable  stems  were  tallied  separately. 
The  time  spent  cutting,  the  time  spent  moving,  and  the 
downtime  were  recorded.  Periodically,  the  time  spent  actually 
cutting  a  given  stem  was  recorded  for  a  range  of  basal 
diameters.  The  estimated  distance  covered  moving  from  stump 
to  tree  was  also  recorded. 

Skidders. — Two  persons  were  needed  to  collect  skidder  data, 
a  landing  observer  and  a  field  observer.  At  the  landing  the  turn 
number,  lapsed  downtime,  and  time  spent  at  several  landing  ac- 
tivities were  recorded.  Landing  activities  recorded  included 
unhook  time,  time  spent  clearing  the  area,  and  time  spent  mov- 
ing stockpiled  turns  closer  to  the  tree  processor  and  chipper. 
The  field  observer  recorded  lapsed  time,  turn  number,  number 
of  trees  per  turn,  hook  time,  round  trip  time,  downtime,  and 
skid  distance.  These  observations  were  then  combined  on  a  per- 
turn  basis  to  yield  production  rates  of  stems  per  day  and  time 
per  turn. 

Tree  processing. — A  single  observer  recorded  lapsed  clock- 
time,  number  of  trees  handled,  number  of  logs  produced,  and 
downtime  for  the  tree  processor.  Periodically,  processing  time 
per  tree  was  recorded  for  a  range  of  diameters  and  species. 
Production  was  in  produced  logs  per  minute. 

Chipping. — A  single  observer  recorded  lapsed  time,  number 
of  merchantable  stems,  number  of  unmerchantable  stems,  and 
downtime  for  the  chipper  by  van  load  produced  during  the 
sample  period.  Tops  and  limbs  were  not  counted.  Production 
was  in  number  of  stems  processed  per  minute  or  units  of  chips 
produced  per  unit  of  time.  The  observers  also  recorded  arrival 
and  departure  of  chip  vans  and  log  trucks  and  noted  other  ac- 
tivities or  characteristics  of  the  operation  that  affected 
production. 


Miscellaneous. — The  data  collection  was  carried  out  in  such  a 
manner  that: 

1.  Safety  of  all  personnel  was  ensured. 

2.  Production  personnel  did  not  have  to  worry  about  the 
safety  of  study  personnel. 

3.  The  production  process  was  not  affected  by  the  study 
process. 

Production  tallies.— Fach  load  of  logs  received  a  receipt  or 
"ticket  book"  number  according  to  Champion  Timberlands' 
practice.  Every  load  of  logs  was  weight  scaled  at  the  mill  log 
yard.  Scaling  frequency  (number  of  loads  scaled  versus  total 
number  of  loads)  varied  from  block  to  block,  depending  on  the 
number  of  loads  expected.  The  scaling  frequency  was  50  per- 
cent on  the  larger  blocks  and  100  percent  on  the  smaller  blocks. 
Log  volume  in  Scribner  board  feet  was  obtained  from  the  scal- 
ing data. 

Each  van  load  of  hog  fuel  also  received  a  "ticket."  Net 
weights,  gross  weights,  and  number  of  "hog  fuel  units"  were 
determined  by  standard  accounting  and  sampling  procedures  at 
the  unloading  facility  of  a  Champion  International  pulpmill. 

Log  quality. — Log  quality  reports  were  prepared  in  accord- 
ance with  standard  company  procedures.  Data  were,  therefore, 
available  to  compare  logs  manufactured  with  a  tree  processor 
to  normally  processed  logs.  Log  lengths,  broken  ends,  unsquare 
bucking,  limbs,  etc.,  were  evaluated  in  such  reports. 

Chip  quality. — Samples  of  chips  were  analyzed  for  properties 
important  to  papermaking.  The  percentage  of  bark  content  and 
the  percentage  of  chips  over  and  under  a  desired  size  range 
were  determined.  Such  properties  are  not  critical  if  the  product 
is  used  for  hog  fuel. 

RESULTS 

System  Productivity 

Table  1  shows  the  overall  production  of  hog  fuel  and  logs 
realized  from  each  cutting  block.  On  a  per-acre  basis,  produc- 
tion of  hog  fuel  (tons/acre)  and  logs  (M  bd. ft. /acre)  varied 
considerably  among  the  cutting  blocks.  The  clearcut  operation 
in  lodgepole  pine  (Gold  Creek)  generated  the  highest  per-acre 
yields  of  both  logs  and  hog  fuel.  The  partial  cutting  operations 
at  Sunflower  Road  and  Arkansas  Creek  generated  the  next 
highest  per-acre  production  of  hog  fuel  followed  by  the  shelter- 
wood  cutting  at  Sheep  Flats.  The  order  of  log  production  in 
the  partial  cuts  is  reversed.  The  Sheep  Flats  operation  produced 
50  percent  more  log  volume  than  did  the  other  partial  cutting 
operations  at  Sunflower  Road  and  Arkansas  Creek. 

To  more  accurately  assess  the  differences  in  system  produc- 
tivity, it  is  useful  to  consider  production  per  unit  of  labor 
rather  than  production  per  acre.  Table  2  shows  production 
rates  in  tons  per  net  man-hour  (net  time  =  total  time  -  delay 
time)  for  hog  fuel  and  logs  for  each  cutting  block. 

When  productivity  is  based  on  time  rather  than  acres,  the 
rankings  change.  This  is  because  table  2  data  indicate  how  well 
the  system  processed  the  flow  of  raw  materials  per  unit  of 
labor  rather  than  what  was  available  per  acre  for  the  system  to 
process. 

The  results  in  table  2  suggest  that  the  system  is  most  produc- 
tive, in  terms  of  total  tons  per  man-hour,  when  logs  are  pro- 
duced at  a  rate  equal  to  or  greater  than  that  for  hog  fuel.  Two 
factors  that  logically  affect  these  rates  of  production  are 
(1)  raw  material  characteristics  and  (2)  system  component 
interactions. 


Table  1.— Summary  of  study  areas  and  production  volumes 


Production 


Area 


Description 


Species  mix 


Hog  fuel 


Logs 


Arkansas  Creek 


Gold  Creek 


Sunflower  Road 


Sheep  Flats 


20  acres  (8.1  ha) 

Slope  4% 

Shelterwood 

Maximum  skid  800  ft  (0.24  km) 

Haul  distance  65  mi  (104.6  km) 

5  days 

12.7  acres  (5.1  ha) 

Slope  4% -25% 

Clearcut 

Maximum  skid  800  ft  (0.24  km) 

Haul  distance  55  mi  (88.5  km) 

4  days 

4.5  acres  (1.8  ha) 

Slope  25% 

Commercial  thin 

Maximum  skid  500  ft  (0.15  km) 

Haul  distance  55  mi  (88.5  km) 

2  days 


Percent 

PP         82 

WL         15 
DF  3 


WL  90 
LPP  7 
DF  3 


333  units 
1  load/acre 
25  tons/acre 
(56.3  t/ha) 


142  units 
2  loads/acre 
43  tons/acre 
(96.8  t/ha) 


71.1  M  bd.ft. 
.9  load/acre 
3.6  M  bd.ft./acre 


PP 

2 

426  units 

94.9  M  bd.ft. 

LLP 

98 

1.9  loads/acre 

1.8  loads/acre 

44.4  tons/acre 

7.5  M  bd.ft./acre 

(99.9  t/ha) 

17.4  M  bd.ft. 

.9  load/acre 
3.2  M  bd.ft./acre 


43.1  acres  (17.4  ha) 

PP 

80 

607  units 

224.9  M  bd.ft. 

Slope  5% 

DF 

20 

0.9  load/acre 

1.2  loads/acre 

Shelterwood 

19.4  tons/acre 

5.2  M  bd.ft./acre 

Max.  skid  1,000  ft  (0.30  km) 

(43.7  t/ha) 

Haul  distance  70  mi  (112.6  km) 

9  days 

Table  2.— Comparison  of  labor  productivity  for  different  logging 
blocks 


Table  3.— Distribution  of  harvested  cubic  volume  by  size  cla; 


Production 


Production  rates 


Harvest  block       Fuel  Logs   Total   Manhours  Fuel   Logs   Total 


Tons 


-Tons/man-hour 


Arkansas  Creek 
Gold  Creek 
Sunflower  Road 
Sheep  Flats 


495 
564 
193 
903 


471  966 

608  1,172 

108  300 

1,349  2,252 


339 
313 
107 
530 


1.5  1.4 

1.8  1.9 

1.8  1.0 

1.7  2.6 


2.9 
3.7 
2.8 
4.3 


With  respect  to  the  first  item,  table  3  shows  that  the  most 
productive  blocks  (Sheep  Flats  and  Gold  Creek)  had  roughly 
70  percent  of  the  take  volume  in  trees  >  9  inches  (22.9  cm) 
d.b.h.,  and  these  trees  accounted  for  33  percent  and  41  percent 
of  the  total  take  stems,  respectively.  In  contrast  the  least  pro- 
ductive blocks  had  roughly  60  percent  of  the  take  volume  in 
trees  >  9  inches  (22.9  cm)  d.b.h.,  but  these  stems  were  only 
17  percent  of  the  total  take  stems.  Thus,  the  system  was  least 
productive  where  the  supply  of  saw  log  material  was  low 
relative  to  the  supply  of  chippable  material.  As  with  other  log- 
ging systems,  stem  size  is  an  important  productivity  parameter. 


Percent  of  take  volume   Percent  of  take  sti 
Harvest  block         >9"  d.b.h.  <9"  d.b.h.     >9"  d.b.h.   <9"d.l 


Arkansas  Creek 
Gold  Creek 
Sunflower  Road 
Sheep  Flats 


64 
70 
60 
72 


36 

30 
40 
28 


17 
41 

17 
33 


83 
59 
83 
67 


The  distribution  of  volume  by  size  class  also  appeared  to  af- 
fect productivity  of  the  system  through  its  effect  on  the  system 
operation.  For  example,  the  feller-bunchers  could  cut  5-  to 
15-inch  (12.7-  to  38.1 -cm)  diameter  trees  in  approximately  the 
same  time.  Thus,  shearing  time  per  cubic  foot  of  production  is 
higher  in  stands  with  a  large  proportion  of  small  stems  than  in 
stands  with  mostly  large  stems. 

The  log  processor  and  chipper  were  also  affected  by  the 
relative  proportion  of  large  and  small  stems.  Table  4  shows  the 
utilization  rates  for  both  machines.  In  the  most  productive 
blocks  (Sheep  Flats  and  Gold  Creek)  the  processor  and  chipper 
had  utilization  rates  of  about  70  percent.  In  the  Sunflower 
block  the  utilization  rate  for  the  processor  was  only  36  percent. 


Table  4.— Machine  utilization1  rates  for  the  tree  processor  and 
chipper 


Table  6.— Production  rates  for  feller-bunchers  (block  average) 


Area 

Machine 

Trees/day1 

Utilization1 

Harvest  block 

Processor 

Chipper 

Percent 

Percent 

Percent 

Arkansas  Creek 

International 

343 

85 

Arkansas  Creek 

65 

63 

Gold  Cfeek3 

International 

511 

88 

Gold  Creek 

70 

72 

Bobcat 

612 

85 

Sunflower  Road 

36 

71 

Sunflower  Road 

International 

470 

86 

Sheep  Flats 

72 

70 

Sheep  Flats4 

International 
Bobcat 

386 
562 

85 
81 

Computed  from 

study  data: 
Met  time 

Gross  time  -  Downtime 

Based  on  the  limf 

■  studv  samnles  exn; 

inded  to  an  8-hnnr 

Gross  time  Gross  time 

Gross  time  =  Time  under  observation 

While  a  portion  of  this  low  rate  was  due  to  lack  of  sawable 
material,  a  sizeable  portion  was  due  to  an  overabundance  of 
chippable  material.  That  is,  the  chipper  could  not  chip  the 
small  stems  fast  enough  to  keep  the  landing  from  becoming 
clogged  with  this  material.  The  tree  processor,  as  a  result,  was 
forced  to  help  feed  the  chipper  and  to  spend  an  excessive 
amount  of  time  sorting  sawable  and  chippable  material.  Thus, 
the  mix  of  size  classes  affects  how  efficiently  the  system 
operates  and  therefore  affects  overall  productivity. 

Component  Productivity 

Felling,  bunching  and  skidding.— Skidding  production  data 
are  shown  in  table  5.  The  lowest  total  daily  net  production  was 
in  the  Arkansas  Creek  block,  which  may  have  been  due  to  in- 
experience with  the  harvest  system.  Bunches  of  trees  were  not 
properly  oriented  with  respect  to  the  landing  in  this  block. 
Total  daily  net  production  at  the  Sunflower  block  was  next 
lowest.  This  may  have  been  due  to  the  steeper  slopes  (25  per- 
cent) and  a  relatively  large  percentage  of  small  trees  chipped  for 
hog  fuel. 

Table  5.— Felling  and  skidding  production 


Tons/day1  block  average 

Area 

Item 

Hog  fuel 

Logs 

Total 

Arkansas  Creek 

Shears 

52.7 

50.1 

102.8 

Skidders 

120.8 

114.7 

235.5 

Gold  Creek 

Shears 

67.2 

72.5 

139.7 

Skidders 

148.5 

160.2 

308.7 

Sunflower  Road 

Shears 

49.6 

24.9 

74.5 

Skidders 

177.8 

89.3 

267.1 

Sheep  Flats 

Shears 

83.1 

134.2 

217.3 

Skidders 

119.4 

192.8 

312.2 

Operational  days  -  (total  hours-unnecessary  downtime)/8  hours 


Two  different  kinds  of  feller-bunchers  were  employed.  An 
International  tracked  (Model  No.  3966-B)  feller-buncher  ac- 
counted for  most  of  the  volume  logged  in  the  study.  The  re- 
mainder of  the  felling  was  accomplished  with  a  Melroe  Bobcat 
(Model  No.  1079)  feller-buncher.  Average  production  rates  for 
each  machine  are  presented  in  table  6.  They  ranged  from  343 
to  51 1  trees  per  day  for  the  International  and  from  51 1  to  562 
trees  per  day  for  the  Bobcat. 


included. 
^Utilization  =  (total  time-downtime)/total  time. 

The  Bobcat  worked  on  slopes  less  than  10  percent;  the  International, 
slopes  up  to  30  percent. 

The  Bobcat  was  used  mainly  in  thicker,  smaller  diameter  portions  of  the 
stand- 


Several  factors  affected  the  International  tree  shear  produc- 
tion. The  operator  was  new  to  this  kind  of  work  and  gained  ex- 
perience on  the  Arkansas  Creek  block.  There  was  a  decided  im- 
provement in  the  orderliness  and  efficiency  of  his  work  in  the 
remaining  three  blocks.  The  spacing  of  leave  trees  also  was  a 
factor,  with  the  operator  having  greatest  freedom  in  the  clear- 
cut  situation.  Heavy  branches,  which  lodged  in  adjacent  tree 
crowns,  affected  handling  of  the  sheared  trees.  The  size  of  the 
trees  cut  had  little  effect  on  the  shearing  and  bunching  time, 
unless  the  stand  was  so  thick  that  several  small  stems  could  be 
sheared  at  once.  Also,  the  International  feller-buncher  did  not 
have  an  accumulator,  so  it  had  to  lay  down  each  tree  as  it  was 
sheared. 

The  International  shear  easily  felled  and  bunched  trees  up  to 
the  capacity  of  the  shear  opening;  i.e.,  18  inches  (45.7  cm)  at 
the  ground  level.  The  Bobcat  shear  had  trouble  with  the  taller 
trees  over  14  inches  (35.6  cm)  d.b.h.  The  International  shear 
seemed  quite  adequate  for  trees  up  to  18  inches  (45.7  cm)  at 
ground  level,  on  slopes  up  to  30  percent.  Because  of  its  small 
size,  the  Bobcat  had  trouble  with  large  trees  on  slopes  over 
10  percent.  Under  favorable  conditions  (fiat  ground,  small 
stems,  etc.),  the  Bobcat  was  slightly  more  productive  than  the 
International  machine.  Because  the  Bobcat  could  travel  fast 
with  a  sheared  stem,  the  operator  made  larger  bunches,  which 
raised  skidding  production. 

Skidding  was  done  by  two  John  Deere  Model  640  rubber- 
tired  skidders.  One  machine  was  equipped  with  a  grapple,  the 
other  with  standard  chokers  and  winch.  The  machines  generally 
performed  different  functions,  so  direct  comparisons  of  pro- 
duction were  not  possible.  Time  study  data,  however,  did  con- 
tain information  on  hook/unhook  time,  which  provided  a  basis 
for  comparison  with  respect  to  one  of  the  factors  that  in- 
fluences production.  Table  7  gives  hook/unhook  times  for  the 
two  skidders. 

The  table  shows  that  hook  time  for  the  grapple  machine  was 
considerably  less  than  that  for  the  choker  machine.  Unhook 
time  was  more  similar,  though  the  grapple  machine  still  re- 
quired less  time. 


Table  7.— Hook/unhook  times  for  John  Deere  skidders 


Average 

Average 

hook  time/turn 

unhook  time/turn 

Date 

Location 

Grapple 

Choker 

Grapple 

Choker 

Minutes 

8/06 

Arkansas  Creek 

0.8 

3.9 

0.63 

0.67 

8/08 

Arkansas  Creek 

.4 

.44 

8/11 

Gold  Creek 

.40 

8/12 

Gold  Creek 

.99 

.37 

8/15 

Sunflower  Road 

8/22 

Sheep  Flats 

.24 

4.72 

.46 

.78 

8/27 

Sheep  Flats 

.59 

.33 

Tree  processing. — Average  production  rates  for  the  tree  proc- 
essor are  given  in  table  8.  Daily  production  rates  are  given  in 
appendix  B.  In  terms  of  tons  of  logs  produced  per  day,  the 
greatest  average  rate  was  attained  at  the  Sheep  Flats  block, 
nearly  200  tons  (182  tonnes)/day,  and  the  least  at  the  Sun- 
flower block,  less  than  90  tons  (82  tonnes)/day.  The  difference 
was  probably  due  to  the  supply  and  size  of  saw  log  and  chip- 
pable  stems  and  their  effect  on  the  system  balance.  Based  on 
total  observed  time  of  the  tree  processor,  production  in 
logs/minute  ranged  from  0.7  to  1 .0,  a  difference  of  144  logs  in 
an  8-hour  shift.  Because  of  the  extent  and  type  of  downtime  in- 
cluded in  the  total  time,  these  figures  are  difficult  to  compare. 
When  all  downtime  is  removed,  however,  only  processing  times 
remain  and  comparisons  become  more  meaningful.  Table  8  in- 
dicates that  logs  were  processed  considerably  faster  in  the  Sun- 
flower and  Gold  Creek  blocks  than  in  the  Arkansas  Sheep  Flats 
blocks.  These  differences  are  largely  because  larch  and  lodge- 
pole  pine  can  be  processed  faster  than  limby  "bull  pine" 
(ponderosa). 

Table  8.— Tree  processor  production  rates 


Tree  processor 

Whole-tree 
chipped 

Tons/day' 

Logs/m 

iin2 

Area 

Total  time 

Net  time 

Tons/acre 

Arkansas  Creek 
Gold  Creek 
Sunflower  Road 
Sheep  Flats 

114.7 

160.2 

89.3 

192.9 

0.7 

1.0 

.7 

.8 

1.0 
1.4 
2.1 
1.1 

120.8 
148.5 
177.8 
119.4 

The  operational  hours  (total  time  -  unnecessary  downtime)  were  divided 
into  total  tons  of  logs  produced  (scale  tickets). 

Based  on  time  study  data.  Total  time  is  full  observation  period;  net  time 
is  total  time  minus  all  downtime.  Appendix  A  details  the  tree  processor 
productivity. 


The  Hahn  Harvester  representative  said  our  production  was 
low.  He  considered  one  load  of  logs  per  hour  a  reasonable 
goal.  At  an  average  of  90  logs  per  load,  this  translates  to  1 .5 
logs  per  minute.  While  the  net  processing  rate  exceeded  this 
figure  in  two  blocks,  the  gross  rate  was  only  about  half  that 
value  for  the  rest  of  the  blocks.  The  chipping  operation  may 
have  slowed  down  the  log  processor.  This  happened  in  the  Sun- 
flower block,  where  the  tree  processor  had  to  be  shut  down  on 


several  occasions  to  allow  the  chipper  to  catch  up.  It  also  hap- 
pened on  the  other  blocks  when  the  tree  processor  grapple  was 
used  to  segregate  saw  log  and  chippable  material  in  the  turns 
rather  than  maintaining  a  steady  supply  of  tree  lengths  to  the 
processor.  These  events  were  not  recorded;  however,  a  low  pro- 
duction rate  may  be  expected  when  the  machine  is  part  of  a 
system  that  produces  both  logs  and  hog  fuel.  Appendix  B  pre- 
sents daily  tree  processor  productivity  on  both  gross  and  net 
time  basis.  Utilization  percentage  is  also  shown.  These  daily  fig- 
ures reflect  block  differences,  daily  production  problems,  and 
the  learning  process  during  the  study. 

Of  99  loads  of  logs  produced  in  the  study,  about  56  were 
scaled  and  inspected  under  the  Champion  Timberlands  log 
quality  program.  Two  loads  produced  in  the  first  harvest  block 
showed  total  log  defects  of  36  and  23  percent,  respectively. 
After  these  two  adverse  reports  were  received,  a  concentrated 
effort  was  made  to  improve  log  quality  by  instructing  the  proc- 
essor crew  in  species  bucking  specifications.  The  remaining  log 
quality  reports  averaged  9.3  percent  total  defect.  During  the 
month  of  the  study,  log  quality  reports  from  the  Champion 
Timberlands  operations  averaged  12  percent  defect.  Figure  6 
shows  the  quality  of  delimbed  logs. 


Figure  6. — Deck  of  delimbed  study  logs. 

Initially,  some  loggers  said  that  shearing  would  cause  massive 
defects  through  "butt  shatter"  or  stem  crushing.  Such  damage 
was  less  than  one-half  inch  on  most  logs.  Figure  7  shows  butt 
ends  of  some  sheared  trees.  The  tree  butts  that  were  substand- 
ard were  trimmed  by  the  tree  processor's  hydraulic  chainsaw. 
Stem  crushing  might  have  been  more  severe  if  frozen  trees  were 
being  harvested. 

Some  machine  damage  to  logs  can  result  if  too  much 
pressure  is  placed  on  the  delimber  knives  of  the  tree  processor. 
This  pressure  is  controllable  by  the  machine  operator  and 
should  not  be  a  problem  with  an  experienced  crew.  Some 
"limb  puli"  defect  was  noted  during  the  first  part  of  the  study. 
This  defect  was  caused  by  a  slow  delimber  knife  speed  that 
produced  more  of  a  pulling  than  a  shearing  action.  A  change 
to  a  high-speed  sprocket  drive  on  the  delimber  unit  reduced  the 
problem. 

Figure  8  shows  accumulated  tops  and  limbs  from  the  tree 
processor.  An  overaccumulation  of  this  material  plugs  up  the 
landing  and  requires  the  tree  processor  grapple  to  be  used  to 
feed  the  chipper. 


Figure  7.— Sheared  logs  decked  for  loading. 


Figure  8. — An  accumulation  of  lops  and  limbs 
from  the  tree  processor. 


Whole-tree  chipping. — The  average  production  rates  in  tons 
per  day  are  given  in  table  8.  A  high  of  nearly  180  tons  (164 
tonnes)/day  was  achieved  in  the  Sunflower  block  and  a  low  of 
about  120  tons  ( 109  tonnes)/day  at  the  Sheep  Flats  block. 
Although  the  average  utilization  rates  of  the  chipper  are  similar 
in  all  blocks  (table  4),  production  rates  varied  considerably. 
(See  also  appendix  C  for  daily  productivity  utilization.)  Much 
of  the  variation  was  due  to  the  kind  of  material  chipped.  In  the 
Sunflower  block  and  the  Gold  Creek  block,  many  of  the  stems 
skidded  to  the  landing  were  just  under  saw  log  size,  were  quite 
tall,  and  had  few  limbs  (larch  and  lodgepole  pine).  This 
material  produced  more  chips  at  a  faster  rate  than  the  limbs 


and  tops,  which  provided  a  greater  proportion  of  the  input  of 
the  Arkansas  and  Sheep  Flats  block. 

Saw  log  recovery  (M  bd. ft. /acre)  was  less  than  the  preharvest 
cruise  indicated.  We  attribute  this  to  the  difficulty  of  judging 
whether  a  small  (marginal)  tree  will  produce  the  minimum-sized 
log,  especially  from  the  cabs  of  the  tree  processor  or  whole-tree 
chipper.  Apparently,  the  marginal  trees  looked  smaller  than 
they  really  were.  For  example,  the  Gold  Creek  block  contained 
many  marginal  saw  log  stems.  The  cruise  estimated  a  recovery 
of  1 1.5  M  bd. ft. /acre.  The  actual  recovery  was  7.5  M  bd.ft./ 
acre.  Identification  of  marginal  saw  log  trees  may  or  may  not 
be  a  problem,  depending  on  the  relative  values  of  marginal  logs 
and  whole-tree  chips. 

The  chipper  used  in  this  study  was  set  up  to  produce  3/4-  to 
l-inch  chips.  Hog  fuel  specifications,  however,  allow  chip 
thicknesses  up  to  2  inches  (5. 1  cm).  The  chipper  operator  sug- 
gested that  if  his  machine  were  modified  (a  standard  factory 
procedure)  to  produce  2-inch  (5.1-cm)  chips,  chipping  rate 
would  be  increased  by  25  percent.  Such  an  increase  in  chipping 
rate  would  be  highly  desirable  in  areas  like  the  Sunflower 
block,  where  chipper  capacity  limited  log  production  by  the 
tree  processor.  Production  of  large  chips  could  cause  increased 
wear  on  the  chip  vans,  especially  on  tarps  or  other  areas  that 
receive  the  full  impact  of  blown  chips. 

Chip  vans. — The  chip  vans  used  in  this  study  were  designed 
for  highway  use.  The  investigators  had  thought  that  off- 
highway  use  would  require  van  reinforcement  and  that  the  trac- 
tors should  be  geared  the  same  as  log  trucks.  An  inquiry  was 
made  as  to  the  types  of  chip  vans  and  tractors  used  in  the  Up- 
per Peninsula  of  Michigan.5  In  that  region,  special  tractor  gear- 
ing or  chip  van  reinforcement  is  nol  considered  necessary.  Ap- 
parently, there  is  also  little  significant  difference  in  gearing 
systems  between  highway  and  log  trucks.  Log  trucks  utilize  a 
slightly  lower  gear  ratio  to  help  them  start  loads  moving  on 
steep  grades  or  soft  ground.  Even  in  the  Rocky  Mountains, 
whole-tree  chipping  operations  would  probably  be  conducted 
on  reasonably  gentle  terrain.  Also  with  a  whole-tree  logging 
system,  skidders  would  be  available  to  assist  trucks.  Normally, 
log  loading  occurs  after  skidders  have  stopped  working  in  an 
area. 

During  the  study,  chip  vans  were  loaded  by  blowing  chips 
through  the  rear  door.  This  often  resulted  in  illegal  loads  due 
to  poor  weight  distribution.  A  possible  solution  would  be  to 
load  over  the  top  of  the  van,  using  a  U-shaped  spout  that 
would  distribute  the  chips  more  evenly.  Top  filling  would  also 
eliminate  the  unfavorable  orientation  of  the  chip  vans  on  the 
landing  (see  fig.  2).  For  landings  of  limited  size  without  ade- 
quate turnaround  space,  this  modification  would  be  essential. 
Figure  9  shows  a  landing  that  required  much  less  area  than  the 
landings  shown  in  figure  4.  Steep  terrain  limited  the  landing 
size. 


"  Personal  communication  with  Mike  Coffman,  silvicullunst  with  Champion 
Timberlands,  Lake  States  Operation,  Norway,  Mich 


Figure  9. — Landing  operation  on  restricted  steep 
terrain. 

Log  loading. — The  use  of  a  tree  processor  was  expected  to 
reduce  the  log  loading  time.  In  a  conventional  system,  decked 
logs  are  seldom  completely  limbed  and  a  landing  sawyer  or 
"knotbumper"  is  required  to  finish  delimbing  the  logs. 
Loading  times  for  logs  from  stands  similar  to  those  harvested 
in  this  study  are  typically  1  to  1.5  hours  per  load.  Loading 
times  for  three  of  the  study  areas  are  given  in  table  9. 

The  table  shows  that  load  times  in  all  areas  were  well  under 
the  1  to  1.5  hours  required  in  conventional  systems.  The  few 
logs  that  had  limbs  after  processing  by  the  tree  processor  were 
delimbed  by  the  loader  operator. 

Table  9.— Loading  times  for  Hahn  Harvester  processed  logs 


Area 

No.  of  loads 

Average 
logs/load 

Average 
load  time 

Gold  Creek 
Sunflower  Road 
Sheep  Flats 

12 

4 

54 

84 
95 
55 

Minutes 

28 
31 
24 

Fuel  consumption. — Fuel  consumption  data  for  the  tree 
processor,  chipper,  and  feller-bunchers  are  shown  in  table  10. 
These  data  are  given  because  of  the  relative  newness  of  this  log- 
ging equipment. 
Table  10.— Fuel  consumption  rates 


Operating 

Machine 

hours 

Diesel  fuel  Consumption  Re 

Gallons 

Gal/h  Tons/ga 

Hahn  Harvester 

111.6 

439 

3.9           5.8 

Trelan  chipper 

111.6 

884 

7.9           2.4 

(Model  DL-18) 

International  (Model 

142.7 

387 

2.7           6.9 

3966-B  feller-buncher) 

Bobcat  feller-buncher 

77 

84.7 

1.1         23.8 

(Model  1075) 

Evaluation  as  a  Forest  Management  Tool 

The  potential  of  the  system  to  accomplish  various  forest 
management  tasks  was  evaluated  in  this  study.  Accomplishment 
is  evaluated  in  the  following  section. 

Two  tasks  were:  (1)  feasibility  of  thinning  stands  and 
(2)  clearing  stands  of  small  timber  for  regeneration  on  a  com- 
mercial basis.  Silvicultural  method  has  little  effect  on  the  eco- 
nomics of  this  logging  system.  Profitability  is  more  closely  re- 
lated to  the  balance  between  saw  log  and  hog  fuel  production. 
In  stands  where  the  supply  of  hog  fuel  material  was  large,  log 
production  was  reduced.  Unfortunately,  saw  logs  are  the  higher 
valued  product,  and  idling  of  the  tree  processor  increased  costs 
and  decreased  profits. 

Commercial  thinning  treatment  is  of  little  value  if  residual 
stand  damage  is  high.  When  cutting  and  skidding  were  properly 
laid  out,  stand  damage  was  minor  and  much  less  than  conven- 
tional logging  in  the  same  stands.  Where  stand  regeneration  is 
desired,  such  as  in  clearcutting  and  seed  tree  cutting,  the  system 
works  very  well  since  there  are  few  standing  trees  to  hinder 
the  skidding  operation.  In  some  cases,  a  good  job  of  scarifica- 
tion to  encourage  natural  regeneration  can  be  achieved  in  the 
process  of  skidding  bunches  of  tree-length  stems.  The  effec- 
tiveness of  the  scarification  will  depend  on  several  factors.  We 
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observed  that  skidding  of  coarse-limbed  ponderosa  pine  was 
more  effective  than  skidding  of  finer  branched  species.  Also, 
soil  conditions  can  be  critical.  Certainly,  skidding  on  frozen  or 
snow-covered  soils  will  produce  little  scarification.  The  Arkan- 
sas Creek  block  was  harvested  in  August  during  a  Douglas-fir 
seed  year.  Scarification  was  excellent.  The  following  growing 
season  was  moist.  Due  to  this  fortunate  combination  of  events, 
it  appears  that  adequate  natural  regeneration  has  occurred. 
Figure  10  provides  a  comparison  of  before  and  after  harvesting 
conditions  on  some  of  the  harvest  blocks.  Slash  treatment  was 
not  necessary  on  any  of  the  blocks  harvested. 

It  is  a  well-known  fact  that  risk  of  insect  attack  is  increased 
when  partial  cutting  ponderosa  pine  stands,  due  to  the  im- 
proved breeding  conditions  for  Ips  bark  beetles  (Ips pini)  in  the 
accumulation  of  green  slash.  Whole-tree  utilization  definitely 
eliminates  this  problem.  Only  minor  amounts  of  slash  consist- 
ing of  fine  branches  that  quickly  dry  and  become  unsuitable 
habitat  for  bark  beetles  are  left  in  the  stand. 

Whole-tree  utilization   eliminates  piling  and  burning. 
On  the  experimental  logging  blocks,  one  or  two  slash  piles  on  lan- 


dings were  burned.  These  were  made  up  of  fine  branches,  soil,  and 
stones.  It  was  not  considered  worth  the  damage  to  chipper  knives 
to  process  the  material. 

Air  pollution  due  to  slash  burning  is  of  concern  in  the  study 
area.  Air  temperature  inversions  in  the  mountain  valleys  often 
limit  the  number  of  days  when  burning  can  be  accomplished. 
Therefore,  reduction  in  the  total  amount  of  material  to  be 
burned  is  a  definite  advantage  for  this  harvest  system  because  it 
reduces  the  cost  of  burning  dependency  on  suitable  weather 
and  fuel  conditions. 

Stand  access  for  current  and  future  harvests  was  definitely 
improved  by  the  use  of  feller-bunchers.  The  low  stumps  greatly 
reduced  skidding  problems.  Also,  smaller  material  that  is  nor- 
mally pushed  over  during  skidding  was  chipped  for  hog  fuel. 
Elimination  of  the  small  trees  also  facilitated  the  skidding. 

Visual  impact  of  logged  areas,  especially  along  heavily  trav- 
eled routes,  is  often  a  major  concern.  The  appearance  of  all  the 
blocks  harvested  by  this  system  was  esthetically  satisfactory. 
This  harvest  system  could  probably  be  used  in  visually  sensitive 
areas. 
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SUMMARY  AND  RECOMMENDATIONS 

The  major  reasons  for  this  study  were: 

1.  "Second-growth"  and  "small-log"  harvesting  costs  are 
currently  high;  and  new  logging  systems  are  urgently  needed  to 
handle  this  material  efficiently  and  economically. 

2.  Methods  to  harvest  biomass  fuels  and  fiber  efficiently 
and  economically  are  also  urgently  needed. 

3.  Highly  mechanized  and  specialized  logging  systems  often 
prove  to  be  necessary  in  managed  stands.  In  the  past,  construc- 
tion equipment  with  only  minor  modifications  was  sufficient  to 
log  large,  high-value  old  growth. 

The  results  of  this  study  indicate  that  the  harvest  systems 
studied  can  produce  a  mix  of  hog  fuel  and  logs  at  acceptable 
rates  over  a  range  of  stand  and  site  conditions  under  a  variety 
of  silvicultural  prescriptions.  Generally,  the  system  is  most  pro- 
ductive (tons/man-hour)  on  gentle  terrain  in  stands  where  the 
supply  of  sawable  material  is  equal  to  or  greater  than  the  sup- 
ply of  chippable  material.  The  results  suggested  that  the  system 
studied  can  operate  profitably  in  stands  where  conventional 
systems  would  be  uneconomical.  This  competitive  advantage 
will  increase  as  the  value  of  small  diameter  material  rises. 

Recommendations  for  inclusion  of  this  system  in  Champion 
Timberlands  operation  are  based  on: 

1 .  Relative  economics  of  this  harvesting  system  compared 
to  conventional  methods. 

2.  The  current  need  for  wood  as  an  alternative  fuel  source. 

3.  The  place  of  this  harvest  system  in  overall  logging 
programs. 

4.  Potential  uses  and  abuses  of  the  logging  system. 
We  recommended  that  Champion  Timberlands  equip  at 

least  one  crew  with  a  tree  processor,  whole-tree  chipper,  two 
feller-bunchers,  and  two  grapple  skidders  for  a  truly  opera- 


tional test  of  this  harvest  system.  This  crew  should  produce  in 
excess  of  15,000  units  of  hog  fuel  and  3  million  board  feet  of 
logs  in  a  200-working-day  year.  Approximately  1,000  acres 
(404.7  ha)  would  be  treated,  yielding  an  average  log  volume 
of  4  M  bd. ft. /acre.  The  recommendation  is  assumed  to  be 
economically  sound  because  the  experimental  harvest  system 
produced  logs  at  a  favorable  production  rate  relative  to  con- 
ventional logging.  Also,  hog  fuel  was  produced  at  a  cost 
about  equal  to  current  market  prices.  Within  modest  hauling 
distances,  hog  fuel  can  be  produced  more  cheaply  than  haul- 
ing it  from  remote  mill  sites. 

Because  of  terrain  and  weather  in  the  Rocky  Mountains, 
woods  operations  must  be  scheduled  for  areas  that  are  suitable 
for  summer-fall,  winter,  and  spring  logging  conditions.  Winter 
logging  opportunities  are  confined  to  relatively  low  elevations 
and  gentle  slopes.  The  harvest  system  described  in  this  report  is 
limited  to  the  same  type  of  ground  and  might  compete  with 
conventional  logging  equipment  for  winter  ground.  This  can  be 
avoided  by  using  the  whole-tree  system  in  stands  where  it  has 
an  advantage.  For  example,  in  the  summer  and  fall,  lodgepole 
and  true  fir  could  be  clearcut  on  high  elevation,  gentle  slopes. 
In  the  winter  and  spring,  commercial  thinning  of  ponderosa 
pine  could  be  a  specialty.  The  whole-tree  harvest  system  has 
several  advantages  in  such  sites  over  conventional  logging 
systems.  Visually  sensitive  areas  could  also  be  a  specialty  of 
whole-tree  logging. 

Potential  abuses  include  overthinning  of  stands  that  are  being 
commercially  thinned.  Also  winter  game  ranges  could  be  tem- 
porarily stripped  of  storm  shelter  and  forage  during  a  commer- 
cial thinning.  Perhaps  whole-tree  logging  should  be  limited,  as 
are  clearcuts,  to  blocks  under  40  acres  unless  large  clearcuts  are 
justified. 


14 


APPENDIX  A 

VOLUME  AND  LEGAL  LOADS  FOR  STANDARD  CHIP  VAN 
AND  TRACTOR  COMBINATIONS 


Montana 

legal  gross 

Approximate 

weight  (lb) 

Estimated  net 

number  of 

including 

weight  (lb 

hog 

Trailer  type 

Volume 

tractor 

of  hog  fuel) 

fuel  units 

Ft3 

40-foot 

2,600 

78,600 

49,700 

17.7 

"flat  bottom" 

(73.6  m3) 

(35.8  t) 

(22.6  t) 

45-foot 

3,200 

78,600 

49,700 

17.7 

"flat  bottom" 

(90.6  m3) 

(35.8  t) 

(22.6  t) 

45-foot 

3,500 

78,600 

49,700 

17.7 

"drop  belly- 

(99.0  m3) 

(35.8  t) 

(22.6  t) 

tandem  axle" 

45-foot 

3,500 

79,400 

50,100 

17.9 

"drop  belly- 

(99.0  m3) 

(36.2  t) 

(22.8  t) 

spread  axle" 
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APPENDIX  B 
TREE  PROCESSOR  PRODUCTIVITY 


Location 

Logs/day1 

M  bd.fUday1 

Date 

Gross  time 

Net  time 

Gross  time 

Net  time 

Utilization 

Percent 

08/04 

Arkansas  Creek 

211 

312 

15.4 

22.7 

68 

08/05 

Arkansas  Creek 

316 

456 

23.0 

33.2 

69 

08/07 

Arkansas  Creek 

417 

552 

30.4 

40.1 

76 

08/08 

Arkansas  Creek 

278 

561 

20.2 

40.8 

50 

Average 

311 

475 

22.6 

34.7 

65 

08/11, 

Gold  Creek 

581 

682 

28.1 

32.9 

85 

08/12 

Gold  Creek 

523 

658 

25.3 

31.8 

80 

08/13 

Gold  Greek 

364 

619 

17.6 

29.9 

59 

Average 

467 

658 

22.3 

31.8 

70 

08/15 

Sunflower  Road 

278 

1,334 

12.7 

60.8 

21 

08/18 

Sunflower  Road 

360 

695 

30.5 

58.9 

52 

Average 


319 


1,014 


21.6 


59.0 


36 


08/19 

Sheep  Flats 

576 

662 

48.8 

56.1 

87 

08/20 

Sheep  Flats 

370 

504 

31.4 

42.7 

73 

08/25 

Sheep  Flats 

389 

576 

33.0 

48.8 

68 

08/26 

Sheep  Flats 

264 

451 

22.4 

38.2 

59 

08/27 

Sheep  Flats 

370 

499 

31.4 

42.3 

74 

Average 

393 

538 

33.3 

42.3 

72 

A  day  consists  of  8  hours  of  production  per  shift. 
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APPENDIX  C 
WHOLE-TREE  CHIPPER  PRODUCTIVITY 


Location 

Average  minutes 
per  HF1  unit 

Average  minutes 
per  load 

Date 

Gross 

Net1 

Gross              Net 

Utilization 

08/04 
08/05 
08/07 

Arkansas  Creek 
Arkansas  Creek 
Arkansas  Creek 

7.6 
45 
3.3 

5.4 

39 
3  1 

Mean 

Load  =  16.6  HF  Units 

127.0              90.0 
74.4               64.6 
55.0               50.9 

Percent 

71 
87 
93 

A  verage 


Average 


4.7 


4  1 


78.7 


64.5 


4  4 


3.2 


75.4 


54.8 


84 


Mean 

Load  =  17.0  HF  Units 

08/11 

Gold  Creek 

4.5 

37 

76.8               62.2 

81 

08/12 

Gold  Creek 

4.6 

34 

78.0               58.0 

74 

08/14 

Gold  Creek 

4.2 

3.6 

71.3                44.1 

61 

72 


Mean 

Load  =  14.2  HF  Units 

08/18 

Sunflower  Road 

4.0 

2.8 

56.8 
Mean 

40.1 

71 

Load  =  16.4  HF  Units 

08/20 

Sheep  Flats 

4.9 

34 

80.2 

56.2 

71 

08/21 

Sheep  Flats 

5.5 

46 

90.6 

74.8 

82 

08/25 

Sheep  Flats 

4.9 

2.8 

80.8 

45.7 

66 

08/26 

Sheep  Flats 

6.2 

3.8 

101.9 

62.9 

62 

08/27 

Sheep  Flats 

4  4 

3.2 

72.8 

51.9 

71 

08/28 

Sheep  Flats 

4.9 

3  4 

79.6 

56.0 

70 

Average 

5  7 

3.5 

84.3 

57.9 

69 

lHF- 

hog  fuel 

Net  time  =  gross  time -delay  time 
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Mandzak,  John;  Milner,  Kelsey  S.;  Host,  John.  Production  and  product  recovery 
for  complete  tree  utilization  in  the  Northern  Rockies.  Res.  Pap.  INT-306. 
Ogden,  UT:  U.S.  Department  of  Agriculture,  Forest  Service,  Intermountain 
Forest  and  Range  Experiment  Station;  1983.  17  p. 

Thinning  operations  on  four  different  cutting  blocks  were  monitored.  The  log- 
ging system  consisted  of  feller-bunchers,  grapple  and  choker  skidders,  and  on 
the  landing  a  whole-tree  processor,  chipper,  and  hydraulic  loader.  Variation  in 
productivity  among  study  areas  was  analyzed  with  respect  to  stand  and  site 
characteristics.  Product  alternatives  and  volumes  were  evaluated.  Results  indi- 
cated that  (1)  logs  and  chips  can  be  produced  at  acceptable  daily  rates  of  89  to 
193  tons  of  logs  and  119  to  178  tons  of  chips,  (2)  the  proportions  of  saw  logs 
and  chippable  material  in  the  stand  affect  system  productivity,  and  (3)  complete 
utilization  of  slash  provided  additional  benefits  compatible  with  public  and 
private  forest  management  goals. 


KEYWORDS:  logging  productivity,  commercial  thinning  operations,  product 
recovery 


The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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RESEARCH  SUMMARY 

Subsurface  bedrock  properties  play  an  important  role  in 
determining  slope  stability  in  the  Idaho  batholith;  however, 
properties  like  degree  of  weathering  are  difficult  to  define 
prior  to  construction.  The  usefulness  of  seismic,  resistiv- 
ity, and  vegetation  surveys  for  predicting  subsurface 
strength  characteristics  of  granitic  rock  was  evaluated  in 
the  Idaho  batholith.  Rock  strength  varies  inversely  with 
degree  of  weathering  and  fracture  density.  Rocks  that 
have  weathered  or  altered  to  the  point  where  they  contain 
sufficient  clay  to  exhibit  plastic  properties  (referred  to 
here  as  highly  weathered  rock)  are  particularly  susceptible 
to  mass  failure  following  disturbance.  Eleven  of  twelve 
zones  identified  as  highly  weathered  following  construc- 
tion were  predicted  by  one  or  more  surveys  along  a  pro- 
posed road  centerline.  Using  the  same  criteria,  10  other 
zones  would  have  been  predicted  to  contain  highly  weath- 
ered rock,  but  did  not.  Preconstruction  geophysical  and 
vegetation  surveys  may  efficiently  narrow  the  number  of 
sites  requiring  additional  surface  exploration  or  drilling  for 
drainage  location,  or  locate  sites  requiring  physical  struc- 
tures for  road  stabilization. 
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SLOPE  INSTABILITY  RELATED  TO  ROCK 
PROPERTIES 

The  Idaho  batholith  is  a  large  body  composed  of  multiple  in- 
trusions of  coarse-grained  granitic  rock.  The  batholith  outcrops 
across  Idaho  more  or  less  continuously  for  about  250  miles 
(400  km)  in  a  north-south  direction,  and  80  miles  (130  km) 
east-west.  Most  of  the  land  is  forested  and  under  Federal 
management.  Eleven  National  Forests  cover  more  than  80  per- 
cent of  the  batholith  lands. 

Soils  in  the  Idaho  batholith  are  coarse  textured,  cohesionless, 
and  highly  erodible.  Researchers  in  other  areas  have  found  that 
granitic  soils  with  low  aggregate  stability  have  high  surface  ero- 
sion potentials.  Andre  and  Anderson  (1961)  compared  the 
erodibility  of  soils  formed  from  eight  different  parent  materials 
in  northern  California  and  found  granitic  soils  to  be  most 
erodible.  Wooldridge  (1964)  compared  soils  formed  from  three 
parent  materials  in  central  Washington  and  also  found  granitic 
soils  to  be  most  erodible.  The  lack  of  aggregate  stability  di- 
rectly affects  surface  erosion  rates  in  unprotected  soils.  Poten- 
tial for  mass  erosion  is  also  high  in  the  Idaho  batholith,  partic- 
ularly after  disturbance  by  fire  or  management  activities  such  as 
road  construction  and  logging.  Shallow,  fast-moving  failures 
such  as  debris  slides  and  debris  torrents  are  common  on  gran- 
itic lands.  Deep-seated,  slow  mass  failures  are  generally  absent. 

Mass  erosion  in  batholith  areas  is  highly  correlated  with 
properties  of  the  parent  rock  such  as  structure,  fracture  density, 
and  degree  of  weathering.  Clayton  and  others  (1975)  showed 
relationships  between  weathering  and  landslide  activity  in  the 
southern  Idaho  batholith.  Highly  weathered  rock  is  more  prone 
to  mass  erosion  than  unweathered  rock.  Durgin  (1977)  de- 
scribed similar  relationships  between  landslide  activity  and  rock 
weathering  on  granitic  soils  in  northern  California.  Megahan 
and  others  (1978),  in  a  comprehensive  study  of  877  landslides  in 
the  northern  and  southern  Idaho  batholith,  found  that  slide 
frequency  was  related  to  both  weathering  characteristics  and 
orientation  of  fractures.  In  this  study  there  was  a  tendency  for 
landslides  to  be  more  common  in  highly  weathered  rock,  but 
the  relationship  was  confounded  by  slope  steepness  and  an  ina- 
bility to  correct  for  the  areal  distribution  of  rock  weathering 
classes  considered.  For  example,  12  percent  of  the  landslides 
studied  in  the  northern  Idaho  batholith  occurred  on  the  highest 


weathering  class.  This  highly  weathered  bedrock  is  relatively 
rare;  Gray  and  Megahan  (1981)  suggest  that  less  than  5  percent 
of  the  batholith  is  comprised  of  such  rock.  Had  Megahan  and 
others  (1978)  been  able  to  adjust  for  the  actual  distribution  of 
rock  types  in  their  population,  a  stronger  relationship  between 
weathering  and  landslides  probably  would  have  emerged.  There 
was  no  relationship  between  fracture  density  and  landslide  ac- 
tivity in  this  study;  however,  fractures  oriented  parallel  to  the 
slope  were  more  commonly  associated  with  landslides. 

The  hazard  potential  for  mass  erosion  in  the  batholith  is 
greatly  increased  following  a  disturbance  such  as  logging  or 
road  construction.  Vegetation  removal  often  results  in  removal 
of  a  critical  margin  of  safety  afforded  the  soil  by  roots  and  soil 
arching  between  stems  (Gray  and  Megahan,  1981).  Changes  in 
slope  hydrology  associated  with  interception  and  redistribution 
of  subsurface  flow  following  road  construction  also  increase  the 
potential  for  mass  erosion  (Gray  and  Megahan  1981).  Jensen 
and  Cole  ( 1965)  reported  that  80  of  89  landslides  occurring  in 
the  South  Fork  of  the  Salmon  River  in  April,  1965  were 
associated  with  roads. 

Most  site  properties  that  show  a  correlation  with  mass  ero- 
sion hazard  (for  example:  slope  steepness,  position  on  slope, 
land  type,  management  history)  are  easy  to  recognize  by  a  field 
reconaissance.  Unfortunately,  subsurface  bedrock  properties  are 
not.  In  a  study  of  rock  properties  in  the  early  1970's,  Hampton 
and  others  (1974)  investigated  the  correlation  between  seismic 
velocity  and  weathering  properties  of  rock.  They  hoped  that 
seismic  surveys  conducted  on  the  ground  surface  could  eluci- 
date rock  weathering  properties  at  depth.  The  relationship  be- 
tween seismic  wave  velocities  and  weathering  classes  (as  defined 
by  Clayton  and  Arnold  1972)  was  obscure.  Weathering  classes 
range  from  1  (hard,  unweathered  rock  of  high  mechanical 
strength)  to  7  (very  highly  weathered  or  altered,  containing  con- 
siderable clay;  plastic  when  wet).  For  rocks  with  similar  frac- 
ture densities,  there  was  a  trend  toward  decreasing  seismic 
velocity,  with  an  inciease  in  the  degree  of  weathering;  however, 
this  relationship  was  not  strong.  Clayton  and  others  (1979) 
found  a  strong  relationship  between  weathering  class  and  sonic 
wave  velocity  transmitted  through  intact  rock  cores.  From  this 
it  seems  apparent  that  structural  differences  associated  with 
fractures  or  joints  obfuscate  the  interpretation  of  degree  of 
weathering  from  seismic  data. 


Scientists  working  on  the  problem  of  surface  detection  of 
subsurface  rock  properties  felt  that  a  combination  of  geophysi- 
cal surveys,  for  example  seismic  data  coupled  with  resistivity 
data,  might  provide  more  information  about  subsurface  condi- 
tions. The  reasoning  behind  this  is  as  follows:  (1)  Seismic  wave 
velocity  and  apparent  resistivity  of  rock  are  a  function  of 
velocity  and  resistivity  of  the  weathered  rock  matrix  plus  the 
velocity  and  resistivity  of  pores  (fractures  and  joints). 
(2)  Within  a  given  weathering  class,  the  resistivity  and  seismic 
velocity  values  of  the  matrix  vary  over  a  relatively  small  range; 
however,  these  parameters  vary  widely  in  porous  media  as  pore 
saturation  varies.  (3)  Resistivity  will  be  affected  by  partial  satur- 
ation in  a  different  manner  than  seismic  velocity.  Slight 
decreases  from  saturation  will  result  in  concomitant  lowering  of 
seismic  velocity;  however,  resistivity  will  be  relatively  unaffected 
as  long  as  there  is  continuous  wetting  of  surfaces  comprising 
the  pore  wall.  A  complete  and  theoretical  discussion  of  these 
ideas,  plus  a  conceptual  model  designed  to  fit  granitic  rock  of 
the  Idaho  batholith,  was  provided  by  Fausset  and  others 
(1978). 

THE  STUDY 

In  order  to  explore  the  idea  that  seismic  and  resistivity 
geophysical  surveys  together  would  provide  more  information 
about  subsurface  conditions  than  either  technique  alone,  a 
study  was  proposed  in  the  southwestern  Idaho  batholith.  The 
Silver  Creek  watershed  (45°25'  N.  latitude,  1 15°45'W. 
longitude),  tributary  to  the  Middle  Fork  of  the  Payette  River, 
contains  eight  smaller  drainages  in  which  scientists  are  studying 
watershed  response  to  a  variety  of  timber  harvesting  practices. 
A  high  standard  forest  road  to  support  logging  and  forest  rec- 
reation traffic  was  planned  in  1975.  This  road  would  run  for 
2.7  miles  (4.4  km)  through  three  of  the  small  research  water- 
sheds. From  previous  road  construction  in  the  area,  I  expected 
the  road  would  cross  some  zones  of  the  highly  weathered  rock 
that  is  commonly  associated  with  mass  failures  in  the  batholith. 

The  Intermountain  Forest  and  Range  Experiment  Station 
entered  into  a  cooperative  agreement  with  geophysicists  from 
Boise  State  University  to  evaluate  the  subsurface  rock  proper- 
ties along  the  proposed  road.  The  University  agreed  to  conduct 
the  geophysical  surveys  and  make  predictions  about  rock  condi- 
tions prior  to  road  construction.  The  Experiment  Station 
agreed  to  classify  the  rock  properties  following  construction 
and  evaluate  the  geophysical  surveys  and  predictions  made 
prior  to  construction. 

METHODS 

Data  Acquisition 

Geophysical  surveys  were  conducted  along  the  proposed 
centerline  of  the  road  in  the  summer  of  1976.  Slightly  more 
than  7,900  ft  (2  410  m)  of  the  road  were  examined.  Seismic 
traverses  were  run  using  a  Bison  Model  1570  Signal  Enhance- 
ment Seismograph1.  A  120-ft  (36.6-m)  transect  was  centered  at 
each  100-ft  station  point,  with  geophones  placed  at  each  end  of 
the  transect.  Hammer  impact  points  were  spaced  at  10-ft  (3-m) 


The  use  of  trade,  firm,  or  corporation  names  in  this  publication  is  for  the  in- 
formation and  convenience  of  the  reader.  Such  use  does  not  constitute  an  official 
endorsement  or  approval  by  the  U  .S.  Department  of  Agriculture  of  any  product 
or  service  to  the  exclusion  of  others  which  may  be  suitable. 


intervals  along  the  centerline,  and  run  between  the  two  geo- 
phones. This  design  allowed  us  to  obtain  reversed  profiles  of 
seismic  velocity  centered  at  100-ft  spacings  along  the  entire  pro- 
posed roadway. 

The  survey  crew  obtained  resistivity  profiles  along  the  center 
line  at  the  same  station  centers  used  for  the  seismic  work.  They 
used  a  Bison  Model  2350  Earth  Resistivity  System.  The 
Schlumberger  electrode  configuration  was  used  with  a  max- 
imum total  array  length  of  120  ft  (37  m). 

The  road  was  constructed  during  the  summer  of  1980.  Imme- 
diately following  construction,  the  weathering  and  fracturing 
characteristics  of  all  exposed  bedrock  were  classified  according 
to  the  classification  system  of  Clayton  and  Arnold  (1972).  Ex- 
posed bedrock  required  the  presence  of  a  roadcut.  Of  the 
7,900  feet  (2  410  m)  examined  during  the  geophysical  surveys,  ! 
5,300  feet  (1  615  m)  were  eventually  exposed  by  road  cuts  of 
sufficient  depth  to  classify  the  rock. 

Data  Analysis 

Seismic  wave  velocities  were  computed  for  two  layers,  and 
the  thickness  of  the  first  layer  was  computed  by  the  method  of 
differences  (Broughton-Edge  and  Laby  1931).  The  velocities  of 
the  first  layer  were  consistent  with  an  interpretation  that  this 
layer  is  soil.  The  first  layer  depth  averages  approximately  3  ft 
( 1  m)  and  overlies  a  thicker  zone  of  weathered  rock  with  mark- 
edly higher  velocities.  These  second  layer  velocities  were  the 
ones  of  interest  and  represent  velocity  of  seismic  wave  travel 
through  the  bedrock  below  the  soil. 

Resistivity  soundings  were  made  using  logarithmically  distrib- 
uted Schlumberger  AB/2  spacings  of  3  to  60  ft  (1  to  18  m). 
Fausset  and  others  (1978)  synthesized  lateral  profiles  of  resistiv- 
ity from  equidistant  soundings  at  AB/2  spacings  of  12,  20,  and 
30  ft  (3.6,  6. 1 ,  and  9. 1  m).  This  allowed  for  greater  sensitivity 
in  interpreting  lateral  changes  in  rock  properties. 

The  weathering  and  fracture  density  data  were  initially  scanned 
by  plotting  weathering  or  fracture  density  class  versus  road 
centerline  station  numbers.  Weathering  characteristics  are  often 
nonuniform  within  a  particular  section  of  road  cut.  For  exam- 
ple, pegmatite  dikes  of  relatively  fresher  and  less  weathered 
rock  frequently  cut  through  highly  weathered  rock.  Similarly, 
narrow  shear  zones  of  very  highly  altered  rock  of  low  strength 
often  cut  through  less  weathered  rock.  It  is  difficult  to  assign  a 
single  weathering  class  to  a  section  of  road  cut  where  such 
cases  occur.  When  plotting  weathering  versus  centerline  station 
number,  I  described  occurrences  of  mixed  weathering  classes  in- 
dividually, and  assigned  a  percentage  to  each  weathering  class. 
Granitic  rock  that  classified  as  weathering  class  7  and  highly 
weathered  basic  dike  rock  were  grouped  together  in  a  category 
termed  highly  weathered  rock  (HWR).  Weathering  class  7  rock 
exhibits  the  most  advanced  stage  of  chemical  weathering 
recognized  in  plutonic  rocks  of  the  Idaho  batholith.  It  is  highly 
argillized  and  exhibits  plastic  properties  when  wet.  The  highly 
weathered  rock  category  is  considered  most  prone  to  slope  in- 
stability when  other  variables  such  as  slope  and  prior  land  use 
are  held  constant.  Fracture  density  is  difficult  to  evaluate  in 
weathering  classes  6  and  7  because  joint  sets  become  indistinct. 
Other  features  such  as  intergranular  fracturing  control  the 
porosity  of  weathered  plutonic  rocks,  and  so  fracture  density 
information  was  omitted  from  further  analysis  following  the  in- 
itial scan. 


Occurrences  of  HWR  were  evaluated  by  graphical  analysis  in 
two  different  ways.  The  data  set  consisted  of  geophysical 
survey  points  for  which  an  independent  field  classification  of 
rock  properties  could  be  made  following  road  construction. 
This  data  set  was  plotted  with  seismic  velocity  of  the  second 
layer  on  the  abscissa  versus  apparent  resistivity  (AB/2  =  30  ft) 
on  the  ordinate  (fig.  1).  Those  points  identified  as  HWR  were 
then  flagged  for  easy  visual  identification.  Secondly,  arithmetic 
mean  weathering  class  values  were  computed  for  each  geophysi- 
cal station  having  50  ft  (15  m)  of  classifiable  rock  on  each  side 
of  the  station  center.  (Many  stations  did  not  meet  this  criterion 
because  there  was  no  road  cut.)  These  mean  values  were  based 
upon  the  linear  extent  of  each  class  included  in  this  100-ft 
(30-m)  section.  These  values  were  plotted  versus  apparent  resis- 
tivity, second  layer  seismic  velocity,  and  the  product  of  resistiv- 
ity times  seismic  velocity.  Visual  inspection  of  these  three 
graphs  showed  such  poor  correlations  that  further  regression 
analyses  were  not  attempted.  The  mean  weathering  class  values 
were  not  well  distributed;  90  percent  of  the  points  fell  within 
the  range  5.5  to  6.5. 
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Figure  1.  Scatiergram  of  apparent  resistivity  versus  seismic 
velocity  of  the  second  layer.  Larger  circles  were  identified  in 
the  field  as  zones  of  highly  weathered  rock.  Lowest  quartiles 
of  resistivity  and  seismic  velocity  are  identified  on  the  graph. 
The  inset  depicts  the  zones  of  rock  competence  interpreted  by 
Fausett  and  others  (1978)  on  the  basis  of  the  seismic  and 
resistivity  data. 


Results 

Table  1  summarizes  the  location,  percent,  and  type  of  highly 
weathered  rock  encountered  during  the  survey,  and  indicates 
the  usefulness  of  each  geophysical  method  for  predicting  HWR. 
Of  the  5,300  ft  (1  615  m)  of  exposed  rock  examined,  360  ft 
(110  m)  were  classified  as  highly  weathered.  This  suggests  that 
slightly  less  than  7  percent  of  the  rock  in  the  study  area  might 
fit  into  the  highly  weathered  category,  a  high  percentage  for  the 
Idaho  batholith. 

Nearly  75  percent  of  the  exposed  rock  was  weathering  class 
6.  Weathering  class  6  rock  has  very  low  mechanical  strength 
(Clayton  and  others  1979),  but  lacks  the  plastic  nature  of  class 
7  rock  that  results  from  intense  chemical  alteration  to  clay 
minerals.  Weathering  class  5  rock,  which  is  more  competent 
than  class  6,  constitutes  13  percent  of  the  exposed  rock.  Class  5 
rock  will  spall  and  readily  decompose  to  grus  following  expos- 
ure due  to  road  cutting.  The  remaining  5  percent  is  in  weath- 
ering classes  2,  3,  and  4.  None  of  these  weathering  classes  is  ex- 
tensive. A  20-ft  (6-m)  section  of  road  between  stations  65  and 
66  in  weathering  class  2  required  blasting. 

In  general,  the  rock  along  the  road  could  be  characterized  as 
a  well  weathered,  coarse-grained  quartz  monzonite  (classes  5 
and  6),  with  periodic  occurrences  of  highly  weathered,  argillized 
rock  (class  7),  and  some  short  zones  of  harder,  more  competent 
rock  (class  2,  3,  and  4). 

The  category  HWR  includes  four  basic  dikes  intruded  into 
the  granitic  rock.  Such  dikes  are  not  uncommon,  generally  are 
highly  altered  or  weathered,  and  often  contain  smectite  clays 
(Clayton  1974).  Basic  dikes  make  up  46  percent  of  the  total 
rock  included  in  the  HWR  category  along  this  road. 


The  initial  results  of  the  two  geophysical  surveys  published 
by  Fausett  and  others  (1978)  included  a  preliminary  interpreta-i 
tion  of  subsurface  rock  properties.  Based  on  seismic  and 
resistivity  data,  they  grouped  the  rock  into  three  zones:  compe 
tent,  transition  zone,  and  weathered  or  altered  (fig.  1,  inset). 
Their  weathered  or  altered  grouping  corresponds  to  class  7  rod 
of  Clayton  and  Arnold  (1972).  Within  each  zone,  the  authors 
further  selected  data  points  based  upon  association  with  data 
from  adjacent  stations.  For  example,  if  a  very  low  resistivity 
reading  seemed  to  be  associated  with  a  shallow  water  table 
(viz.,  near  a  stream  crossing),  and  adjacent  data  points  had 
correspondingly  higher  resistivity  values,  the  point  with  low 
resistivity  would  not  be  predicted  to  be  highly  weathered.  Usin| 
this  system,  the  authors  predicted  67  percent  of  the  data  points 
in  the  weathered  and  altered  zone  and  9  percent  in  the  transi- 
tion zone  would  prove  to  be  highly  weathered  rock.  They 
predicted  that  no  points  in  the  competent  rock  zone  would  be 
highly  weathered.  From  the  postconstruction  survey,  the  actual 
percentage  of  rock  classified  as  highly  weathered  for  each  zonei 
is:  (1)  weathered  and  altered,  50  percent;  (2)  transition,  46  per- 
cent; (3)  competent,  20  percent. 

The  prediction  method  of  Fausett  and  others  (1978)  excludec 
points  of  high  seismic  velocity  and  very  low  resistivity,  or  vice 
versa  from  their  predicted  highly  weathered  zone.  It  is  apparent 
from  figure  1  that  such  points  may  indicate  zones  of  high 
weathering.  Excluding  these  areas  accounted  for  4  of  the  5 
points  that  made  up  the  20  percent  HWR  in  their  competent 
zone. 


Table  1.— Location,  type,  and  extent  of  zones  containing  highly  weathered  rock. 
Xs  indicates  the  presence  of  highly  weathered  rock  based  on  results 
from  one  or  more  preconstruction  surveys1 


Recognized  from  pre- 

Location 

Percent  and  Type 

construction  survey 

Station 

to 

Station 

Seismic  Resistivity  Vegetation 

40  +  80 

42  +  45 

2%  W72,  W6  matrix 

X 

59  +  66 

60  +  00 

100%  W7 

X 

63  +  65 

63  +  85 

100%  W7,  basic  dike 

X 

68  +  20 

68  +  80 

Clay-rich  colluvium 

No  preconstruction  indication 

69  +  50 

70  +  25 

100%  W7,  basic  dike 

X                           X 

70  +  25 

72  +  70 

5%  W7,  W6  matrix 

X 

73  +  40 

73  +  75 

100%  W7 

X 

77  +  10 

77  +  30 

100%  W7,  shear  zone 

X                        X 

77  +  70 

78  +  00 

100%  W7 

X                        X 

95  +  40 

96  +  65 

2%  W7,  W6  matrix 

X 

103  +  55 

103  +  85 

100%  W7,  basic  dike 

X 

110  +  75 

111   +   15 

100%  W7,  basic  dike 

X 

Lowest  quartile  of  seismic  or  resistivity  values;  see  text  for  method  used  to  interpret 
vegetation  survey. 

2W7,  W6:  weathering  class  according  to  classification  system  of  Clayton  and  Arnold 
(1972). 


Evaluation 

How  useful  were  the  geophysical  techniques  for  predicting 
zones  of  HWR?  Nine  of  the  twelve  zones  of  HWR  rock  identi- 
fied in  table  1  were  flagged  by  low  seismic  velocity  and/or  re- 
sistivity values  (lowest  quartile).  One  of  the  three  zones  missed 
is  an  accumulation  of  clay-rich  colluvium  in  a  topographic 
hollow,  similar  to  the  wedge  soils  that  Dietrich  and  Dunne 
(1978)  describe  in  the  Coast  Range  of  Oregon.  The  actual  con- 
jdition  of  the  bedrock  underlying  the  colluvium  at  this  site  is 
unknown.  This  site  was  classified  in  the  transition  zone  by 
(Fausset  and  others  (1978). 

One  of  the  other  sites  was  also  classified  in  the  transition 
izone,  but  the  third  site  had  a  resistivity  value  in  excess  of  4,000 
ohm-ft  and  a  seismic  velocity  greater  than  5,500  ft/s.  From  the 
geophysical  data  one  would  expect  this  to  be  the  location  of 
some  of  our  more  competent  rock.  There  is  a  40-ft  (12-m)  ex- 
posure of  altered  basic  dike  material  at  this  location. 

One  other  survey  to  predict  rock  competence  prior  to  road 
construction  was  explored.  Vegetation  along  the  entire  pro- 
posed centerline  was  mapped  according  to  the  subsequently 
published  habitat  type  classification  for  central  Idaho  by  Steele 
and  others  (1981).  This  system  is  intended  to  classify  the  eco- 
logical potential  of  a  site  to  support  a  particular  vegetation 
mosaic.  Thus,  habitat  types  are  good  indicators  of  moisture 
availability,  and  possibly  soil  depth  and/or  subsurface  weather- 
ing conditions.  Habitat  types  are  named  by  the  overstory  pres- 
ent at  climax  and  one  or  two  characteristic  understory  species. 
The  overstory  species  along  the  road  are  either  in  the  drier 
Douglas-fir  series  (Pseudotsuga  menziesii)  or  in  the  more  moist 
grand  fir  series  (Abies grandis). 

1  had  not  hypothesized  any  relationships  between  habitat 
types  and  bedrock  but  expected  that  the  more  moist  grand  fir 
series  might  he  indicative  of  greater  depths  and  more  intensive 
weathering.  At  lower  elevations  at  the  bottom  of  the  watershed, 
the  more  shaded  portions  of  the  road  are  all  in  the  grand  fir 
series.  After  climbing  to  midslope  elevations,  the  predominant 


habitat  types  are  in  the  Douglas-fir  series;  however,  interspersed 
here  are  five  short  (less  than  200  ft  [60  m])sections  of  grand  fir 
series.  These  sections  of  grand  fir  cannot  be  explained  on  the 
basis  of  proximity  to  surface  water,  or  topographic  or  aspect 
changes.  Three  of  these  five  sections  are  locations  of  HWR 
(table  1). 


CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  results  of 
this  study: 

1 .  Using  the  criteria  of  low  resistivity  «2,000  ohm-ft),  low 
seismic  velocity  «3,500  ft/s),  and  an  atypical  change  in  habitat 
type,  1 1  of  12  zones  of  HWR  were  identified  prior  to  road  con- 
struction. 

2.  Using  the  same  criteria,  10  other  zones  would  have  been 
expected  to  contain  HWR  but  did  not.  Although  this  is  a  high 
percentage  of  false-positive  findings,  it  still  greatly  delimits  the 
number  of  zones  requiring  further  exploration  during  or  prior 
to  construction  and  may  prove  cost  effective. 

3.  Several  design  features  such  as  underdrain  installation 
were  incorporated  into  the  road  on  the  basis  of  the  precon- 
struction  surveys.  The  number  and  location  of  underdrains  is 
normally  difficult  to  predict  without  preconstruction  data,  but 
drainage  design  was  predicted  quite  accurately  on  the  study 
road. 

4.  Prior  road  construction  in  the  vicinity  of  the  study  road 
suggested  that  HWR  would  be  expected  along  the  study  road. 
Thus  the  predictive  value  was  diminished  for  this  job.  Precon- 
struction surveys  should  prove  more  valuable  in  areas  where  lit- 
tle prior  road  construction  has  taken  place. 

5.  A  field  review  of  the  geophysical  survey  results  is 
necessary  to  eliminate  areas  such  as  live  stream  crossings  or  sur- 
face springs  that  appear  to  be  zones  of  HWR. 

6.  This  is  an  evolving  methodology.  The  methods  have 
promise,  but  more  tests  are  required  to  improve  the  predictive 
capabilities  of  geophysical  and  vegetation  surveys. 
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The  usefulness  of  seismic,  resistivity,  and  vegetation  surveys  for  predicting 
subsurface  strength  characteristics  of  granitic  rock  was  evaluated  in  the  Idaho 
batholith.  Rock  strength  varies  inversely  with  degree  of  weathering  and  fracture 
density.  Rocks  that  have  weathered  or  altered  to  the  point  where  they  contain 
clays  (referred  to  here  as  highly  weathered  rock)  are  particularly  susceptible  to 
mass  failure  following  disturbance.  Eleven  of  12  zones  identified  as  highly 
weathered  were  predicted  by  the  surveys  along  a  proposed  road  centerline.  Us- 
ing the  same  criteria,  10  other  zones  would  have  been  predicted  to  contain 
highly  weathered  rock,  but  did  not.  Preconstruction  geophysical  and  vegetation 
surveys  may  efficiently  narrow  the  number  of  sites  requiring  additional  surface 
exploration,  or  drilling  for  drainage  location,  or  location  of  sites  requiring  road 
stabilization  structures. 
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The  Intermountain  Station,  headquartered  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  231  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana 
State  University) 

Logan,   Utah   (in  cooperation   with   Utah   State 
University) 

Missoula,    Montana    (in    cooperation    with    the 
University  of  Montana) 

Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young 
University) 

Reno,  Nevada  (in  cooperation  with  the  University 
of  Nevada) 
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RESEARCH  SUMMARY 

Douglas-fir  cone  production  under  various  western 
spruce  budworm  defoliation  conditions  was  examined  in 
six  stands  west  and  six  east  of  the  Continental  Divide  in 
western  Montana.  The  stands  were  stratified  into  two 
general  defoliation  levels:  heavy,  where  defoliation  and 
budworms  were  evident  on  over  50  percent  of  the  trees; 
and  light,  where  defoliation  and  budworms  were  not  evi- 
dent on  the  trees.  Six  dominant  or  codominant  cone- 
producing  trees  were  subjectively  chosen  at  each  site. 
Average  cone  production  usually  was  higher  in  lightly 
defoliated  stands.  Comparison  of  cone  production  of  in- 
dividual trees  and  sites  was  not  practical  because  of  the 
large  amount  of  variation  in  cone  production  observed 
between  trees  within  stands  and  between  stands  within 
the  infestation  levels.  Attempts  to  relate  cone  production 
to  defoliation  were  not  successful  due  to  the  variation  in 
cone  production  and  problems  in  accurately  assessing 
past  defoliation. 
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Effect  of  Western  Spruce 
Budworm  on  Douglas-fir 

Cone  Production  in 
Western  Montana 
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Raymond  C.  Shearer 


NTRODUCTION 

Western  spruce  budworm  (Choristoneura  occidentalis  Free- 
lan)  larvae  feed  primarily  on  the  current  year's  foliage  of 
;veral  host  tree  species  including  Douglas-fir  {Pseudotsnga 
tenziesiivar.  glauca  [Beissn.]  Franco),  grand  fir  (Abies  grand  is 
3ougl.  ex  D.  Don]  Lindl.),  subalpine  fir  (Abies  lasiocarpa 
-look.]  Nutt.),  Engelmann  spruce  (Picea  engelmannii  Parry  ex 
ngelm.),  and  western  larch  (Larix  occidentalis  Nutt.)  (Johnson 
nd  Denton  1975).  Budworm  larvae  also  feed  on  developing 
nd  immature  cones  of  Douglas-fir  (Dewey  1970),  western  larch 
-ellin  and  Shearer  1968),  grand  fir,  subalpine  fir,  white  fir 
Abies  concolor  [Gord.  &Glend.]  Lindl.  ex  Hildebr.), 
;ngelmann  spruce,  and  white  spruce  (Picea  glauca  [Moench] 
oss)  (Hedlin  and  others  1980). 

The  amount  of  seed  disseminated  into  cutover  areas  or  col- 
:cted  for  artificial  regeneration  depends  on  both  the  number  of 
ones  produced  and  the  extent  of  damage  to  cones  and  seed.  A 
^liable  estimate  of  the  effect  of  budworm  larvae  on  cone  pro- 
uction,  based  on  the  level  of  defoliation,  would  help  land 
lanagers  decide  whether  to  use  natural  or  artificial  means  of 
sforestation. 

The  objective  of  this  study  was  to  examine  the  impact  of 
/estern  spruce  budworm  larval  feeding  on  Douglas-fir  cone 
>roduction. 

METHODS 

Study  sites  were  selected  in  1978  and  1979  in  western  Mon- 
ana  within  the  Pseudotsuga  menziesii/Calamagroslis  rubescens 
labitat  type  (Pfister  and  others  1977)  west  of  the  Continental 
)ivide,  and  from  the  more  general  Douglas-fir  forest  series  east 
•f  the  Continental  Divide.  The  sites  were  stratified,  based  on 
xound  observation,  into  two  arbitrary  defoliation  classes: 


(1)  heavy — budworm  feeding  on  the  foliage  was  evident  on 
over  50  percent  of  the  trees  in  the  stand,  and  (2)  light — 
budworm  feeding  on  foliage  was  not  evident.  Three  heavily 
defoliated  and  three  lightly  defoliated  stands  were  selected  both 
east  and  west  of  the  Continental  Divide  (fig.  1). 

Six  dominant  or  codominant  cone-producing  Douglas-fir 
trees  were  subjectively  chosen  to  sample  at  each  site.  Sampling 
was  limited  to  72  trees  because  of  time  constraints.  Sample  tree 
selection  was  restricted  to  trees  whose  tops  were  within  the  53-ft 
(16-m)  reach  of  a  truck-mounted  hydraulic  bucket  that  was 
used  to  collect  branch  samples. 

Ten  sample  branches  from  each  tree  were  collected  from  a 
10-ft  (3-m)  section  in  the  crown  of  each  tree  beginning  5  ft 
(1.5  m)  below  the  top — similar  to  the  procedure  used  by  Roe 
(1967).  Dominant  cone-producing  branches  were  selected  from 
all  sides  of  the  crown.  On  trees  with  fewer  than  10  cone- 
producing  branches,  other  dominant  branches  within  the  10-ft 
(3-m)  sample  section  were  selected  at  random.  Persistent  cones, 
persistent  peduncles  (the  stem  attachment  of  the  cone  to  the 
twig),  and  cone/peduncle  scars  were  all  tallied  as  "cones"  for 
the  cone  crops  occurring  from  1974(1973  growth)  to  1979 
(1978  growth).  The  cone/peduncle  scars  were  differentiated 
from  flower  scars  by  the  presence  of  a  more  prominent  cone 
axis  scar.  The  cones,  peduncles,  and  scars  were  dated  according 
to  their  internodal  location  on  the  branch.  "Cones"  were 
tallied  by  the  year  of  occurrence  for  each  of  the  10  branches 
from  each  sample  tree. 

Average  defoliation  per  sample  tree  was  obtained  by  examin- 
ing past  internodes  and  expressed  as  "light"  (0-37.5  percent), 
"moderate"  (37.6-62.5  percent),  or  "heavy"  (  >62.5  percent) 
(Robinson  and  others  1978).  Ratings  were  obtained  for  the  en- 
tire tree  from  the  10  branches  of  each  tree.  The  1973  to  1979 
internodes  were  rated  (1974  cones  occurred  on  1973  foliage). 
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Figure  1.— Location  of  study  sites  in  western 
Montana. 


RESULTS  AND  DISCUSSION 

West  of  the  Continental  Divide,  trees  produced  better  cone 
crops  in  1974,  1976,  and  1978  than  in  1975,  1977,  and  1979 
(fig.  2).  Greater  cone  production  occurred  on  trees  growing 
within  lightly  defoliated  stands  compared  to  heavily  defoliated 
stands  in  1974,  1976,  and  1978. 

Cone  production  in  stands  east  of  the  Continental  Divide 
was  usually  lower  and  less  uniform  (fig.  3).  Cones  were  pro- 
duced in  1974  on  all  sites,  but  two  of  the  highest  cone- 
producing  trees  were  located  within  heavily  defoliated  areas. 
Sample  trees  within  the  lightly  defoliated  stands  produced  again 
in  1977.  In  1978,  cones  were  produced  at  Thunderbolt  Creek 
and  Magpie  Gulch.  At  Magpie  Gulch,  one  of  the  six  trees 
probably  escaped  serious  budworm  larval  feeding  on  developing 
flowers  and  conelets  and  produced  86  of  the  88  cones  counted. 
In  1977  all  of  the  Lightly  defoliated  sites  produced  more  cones 
than  the  heavily  defoliated  sites.  In  1974  the  heavily  defoliated 
sites,  as  a  whole,  outproduced  the  lightly  defoliated  sites.  These 
data  support  Boe's  (1954)  conclusion  that  good  cone  crops  oc- 
curred at  different  times  east  and  west  of  the  Continental 
Divide.  The  time  period  covered  by  this  study,  however,  was 
too  short  to  adequately  assess  the  comparative  frequencies  of 
good  cone  crops. 

The  Wilcoxon-Mann  Whitney  test  (Wonnacott  and  Wonna- 
cott  1972)  substantiated  the  differences  in  cone  production  be- 
tween infestation  levels.  Cone  production  in  1974,  1976,  and 
1978  west  of  the  Continental  Divide  was  significantly  higher 
(99  percent  confidence)  in  the  lightly  defoliated  stands  com- 
pared to  heavily  defoliated  stands.  East  of  the  Continental 
Divide  significantly  more  cones  were  produced  in  1977  and 
1978  in  the  Lightly  defoliated  stands  compared  to  the  heavily 
defoliated  stands.  However,  the  reverse  was  true  in  1974  when 
heavily  defoliated  sites  outproduced  lightly  defoliated  sites 
(90  percent  confidence). 
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Figure  2.— Cone  production  west  of  the  Con- 
tinental Divide,  estimated  from  6  trees  per 
site,  10  branches  per  tree. 
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Table  3.— Mean  defoliation  for  sample  trees  east  of  the  i 
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igure  4. — Cone  production  and  average 
lefoliation  west  of  the  Continental  Divide. 
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Figure  5.— Cone  production  and  average 
defoliation  east  of  the  Continental  Divide. 


These  results  indicate  that  western  spruce  budworm  can 
decrease  Douglas-fir  cone  crops  through  the  combined  effects 
of  direct  feeding  on  reproductive  buds  and  general  defoliation. 
The  magnitude  of  these  losses  is  not  known.  If  normal  produc- 
tion for  10  branches  for  6  trees/site  west  of  the  Continental 
Divide  was  750  cones  in  1978  as  it  was  at  Twin  Creek  and 
Truman  Creek,  losses  in  relatively  young  and  vigorous  stands 
with  moderate  to  heavy  defoliation  similar  to  Ashby  Creek 
would  approximate  30  percent.  Losses  in  heavily  defoliated  and 
less  vigorous  stands  such  as  Gold  Creek  and  Lubrecht  could 
approach  90  to  95  percent;  however,  due  to  the  large  amount 
of  variation  between  trees  and  sites,  these  must  be  considered 
only  as  rough  estimates. 

It  was  impossible  to  distinguish  between  the  losses  due  to 
failure  of  reproductive  bud  differentiation  caused  by  stress 
from  defoliation  and  the  losses  due  to  budworm  feeding  during 
the  early  stages  of  bud  burst  and  flower  development.  An 
attempt  was  made  to  count  not  only  persistent  cones,  pedun- 
cles, and  cone  scars,  but  also  to  tally  latent  buds  and  dead 
reproductive  buds  and  flowers  for  a  comparison  of  the  number 
of  reproductive  structures  initiated;  this  is  similar  to  the  pro- 
cedure used  by  Schooley  (1978).  This  method  did  not  work 
because  the  dead  flowers  were  not  persistent  and  latent  buds 
were  too  numerous  and  small  to  be  recorded  with  accuracy.  In 
normal  stand  conditions,  the  separation  between  losses  to 
defoliation  stress  and  losses  to  feeding  may  not  be  important. 
But  if  seed  were  needed,  individual  trees  could  be  sprayed  to 
prevent  budworm  damage  to  flowers  and  cones. 

In  determining  average  defoliation  for  each  year,  10  defolia- 
tion samples  from  each  tree  were  inadequate;  20  samples  did 
not  improve  the  estimated  mean,  standard  deviation,  or  coeffi- 
cient of  variation.  The  present  method  using  rating  codes 
applies  discrete  values  to  a  continuous  variable.  This  is  con- 
founded by  the  haphazard  feeding  patterns  of  the  budworm. 
Not  only  does  the  intensity  of  defoliation  change  throughout 
the  crown,  defoliation  is  not  necessarily  consistent  within  a 
branch.  Consequently,  relatively  large  standard  deviations  were 
associated  with  low  to  moderate  mean  defoliation  levels 
( <  60  percent)  for  the  trees  west  of  the  Continental  Divide. 
Heavy  defoliation  levels  ( >  60  percent)  resulting  from  more 
uniform  and  severe  attacks  generally  had  smaller  associated 


standard  deviations  and  lower  coefficients  of  variation 
( <  40  percent),  indicating  a  better  estimate.  Some  other 
descriptor  may  be  more  appropriate  and  in  fact  essential  for 
reliability  in  low  to  moderate  defoliation  conditions. 

The  importance  of  the  duration  of  defoliation  is  suggested  i 
the  differences  in  cone  production  between  the  more  recently 
defoliated  Ashby  Creek  site  and  the  historically  defoliated 
Lubrecht  and  Gold  Creek  sites.  To  study  the  effects  of  the 
duration  of  defoliation  on  cone  production,  a  more  complete 
tree-to-tree  history  is  necessary. 

The  large  amount  of  variation  in  cone  production  at  all  leve 
of  the  sampling  hierarchy — between  branches  within  trees,  be- 
tween trees  within  sites,  between  sites  within  infestation  levels, 
and  between  infestation  levels  within  a  general  geographic 
region — rendered  traditional  sampling  systems  almost  useless. 
This,  coupled  with  the  other  factors  that  control  cone  pro- 
duction— such  as  weather  (Lowry  1966;  vanVredenburch  and 
LaBastide  1969;  Eis  1973),  genetic  difference  (Eis  and  others 
1965;  Griffith  1968),  carbohydrate  levels  (Kramer  and  Kozlow- 
ski  1960;  Eis  and  others  1965;  Kozlowski  1971;  Ebell  1971),  ani 
levels  of  growth  hormones  (Ross  and  Pharis  1976;  Pharis  and 
Kuo  1977) — prevented  any  reliable  means  of  isolating  the  bud- 
worm's  impact  on  cone  production. 

Based  on  these  results,  if  accuracy  to  within  ±  10  percent  of 
the  true  mean  with  95  percent  confidence  is  required  for  esti- 
mates of  cone  production,  100  percent  sampling  of  the  cone 
branches  per  tree  would  have  been  necessary.  Sampling  of  this 
intensity  is  unrealistic  in  most  studies.  Consequently,  the  re- 
searcher should  be  ready  to  accept  the  large  amounts  of  in- 
herent variation  or  develop  a  more  effective  sampling  method. 

The  results  from  this  study  show  that  western  spruce  bud- 
worm infestations  caused  lower  Douglas-fir  cone  production  ii 
several  stands  west  of  the  Continental  Divide  in  Montana. 
Results  from  further  cone  production  studies  will  be  enhanced 
by  understanding:  (1)  the  factors  affecting  cone  production 
such  that  budworm  damage  within  and  between  trees  can  be 
isolated  for  site  comparisons;  (2)  the  effect  of  defoliation  (botl 
amount  and  duration)  on  cone  production,  including  a  more 
accurate  description  or  estimator  of  defoliation;  and  (3)  the 
decrease  in  cone  production  due  to  direct  larval  feeding  or  to 
defoliation  stress. 
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RESEARCH  SUMMARY 

This  paper  documents  a  speculative  model  of  the  process  by  which  firebrand  particles  are 
lofted  into  the  air  through  the  action  of  buoyancy-induced  airflow  near  the  head  of  a 
wind-driven  fire  in  surface  fuels.   It  is  postulated  that  the  particles  are  lofted  by  strong 
thermals  generated  by  the  fire.   The  fire  and  the  thermals  it  generates  are  idealized  as  bein 
two-dimensional,  for  analytical  tractability .   It  is  further  postulated  that  the  fire  generat 
the  thermals  because  the  intensity  of  the  fire  fluctuates  with  time  in  response  to  variations 
in  windspeed  or  "gustiness."   An  increase  in  intensity  above  the  average  value,  sustained  for 
some  period  of  time,  is  assumed  to  give  birth  to  a  line  thermal  with  energy/length  (or 
"strength")  equal  to  the  excess  energy/length  afforded  by  the  intensity  excursion.   The  autho 
has  previously  published  theoretical  power  spectral  densities  of  intensity  variations  of  line 
fires  in  typical  wildland  fuels,  based  on  a  model  for  the  dynamic  response  of  the  fire  to 
windspeed  variations  and  an  empirical  power  spectrum  function  for  horizontal  wind  gustiness 
near  the  surface.   A  simple  stochastic  sequence  of  excursions  of  intensity  is  used  as  a 
surrogate  process  to  approximate  these  power  spectra  and  so  allow  explicit  expression  of 
thermal  strength  as  a  function  of  windspeed,  mean  fire  intensity,  and  fuel  type.   The 
trajectories  of  particles  lofted  by  line  thermals  have  been  described  elsewhere  by  the  author 
Maximum  viable  firebrand  height  was  shown  to  be  proportional  to  the  square  root  of  the  therma 
strength,  and  the  downwind  drift  distance  during  lofting  proportional  to  the  product  of 
windspeed  and  the  square  root  of  the  loft  height.   The  equations  for  predicting  maximum 
firebrand  height  and  drift  distance  during  lofting  are  summarized  here  in  simple  form  for  eas 
field  use.   Once  the  maximum  viable  firebrand  height  is  known,  it  can  be  used  to  predict  the 
distance  downwind  that  the  particle  will  travel  before  it  returns  to  the  ground.   Equations  f 
this  calculation  have  been  published  elsewhere,  and  are  available  as  pocket  calculator 
programs.   Because  several  elements  of  the  model  process  are  both  speculative  and  not  subject 
to  direct  validation,  these  results  are  to  be  considered  tentative.   Field  tests  of  the 
spotting  distance  predictions  are  sought  as  a  means  of  testing  the  utility  of  the  model. 
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INTRODUCTION  ■>&, 


The  spread  of  wildland  fire  by  windborne  sparks  or  embers,  known  as  "spotting"  in  the 
::ernacular  of  fire  control,  frequently  frustrates  fire  suppression  efforts.   Since  there  is 
5ually  no  practical  preventive  counter  to  spotting,  timely  prediction  of  the  maximum  distance 
/er  which  spotting  can  be  expected  ahead  of  a  fire  front  can  be  a  valuable  aid  to  tactical 
ire  suppression  planning.   This  paper  addresses  the  problem  of  predicting  the  maximum  spotting 
Lstance  ahead  of  a  wind-driven  fire  in  surface  fuels  and  presents  a  model  for  a  process 
fading  to  intermediate-range  spotting. 


Fires  burning  under  standing  timber  seldom  cause  spot  fires  at  any  significant  distance 
iless  the  trees  of  the  overstory  become  involved  in  the  fire.   This  is  so  because  the 
/erstory  crown  layer  affords  a  mechanical  barrier  that  can  intercept  entrained  firebrands  and 
Lso  interferes  with  development  of  a  strong  updraft  that  can  lift  firebrand  particles.   But 
ien  a  tree,  or  a  small  group  of  trees,  is  ignited  by  the  understory  fire,  it  can  burn  briefly 
id  vigorously.   This  event,  called  "torching,"  produces  a  strong  transitory  convective  flow 
lat  can  loft  firebrand  particles  to  significant  heights.   The  lofting  of  firebrands  by  this 
2chanism  and  their  subsequent  transport  by  the  ambient  windfield  have  been  modeled  (Albini 
)79).   The  model  was  extended  (Albini  1981a)  to  include  the  lofting  of  firebrands  by  large, 
:eady,  isolated  flames  such  as  those  from  the  burning  of  heavy  fuel  accumulations.   The  model 
id  its  extensions  have  been  coded  as  algorithms  for  pocket  calculators  (Chase  1981)  for  easy 
Leld  application. 

A  wind-driven  fire  in  surface  fuels  without  timber  cover  can  give  rise  to  significant 
)otting.   Generally,  the  greater  the  intensity  of  the  fire,  the  more  severe  tbe  spotting 
roblem  it  causes  (Brown  and  Davis  1973;  Luke  and  McArthur  1978).   No  quantitative  model  of  the 
lotting  distance  from  a  spreading  surface  fire  has  been  developed,  although  much  of  the 
lenomenology  is  widely  known.   The  reason  for  this  deficiency  is  that  the  fluid  mechanical 
iscription  of  the  interaction  of  wind  and  fire  is  both  complex  and  singularly  difficult  to 
^proximate  with  realism. 

A  model  is  presented  here  for  intermediate-range  spotting  in  which  a  spreading  surface 
-re,  idealized  as  a  straight  line  perpendicular  to  the  direction  of  the  wind,  provides  the 
mrce  of  buoyancy  that  lofts  firebrand  particles  above  the  ground  for  transport  downwind, 
lort-range  spotting  of  a  few  tens  of  meters  from  fires  of  low  intensity  is  not  addressed. 
lso  not  addressed  is  the  very  long-range  spotting  of  tens  of  kilometers  associated  with  severe 
-re  phenomena  such  as  the  establishment  of  fire  whirls  or  sustained  spread  of  fire  through  the 
rowns  of  timber  stands.   These  unique  phenomena  require  separate  treatments. 


Not  considered  in  this  model  is  the  probability  that  there  exists  a  firebrand  particle 
the  fuel  complex  that  has  the  particular  size  that  will  permit  it  to  be  a  maximum-distance 
fire  source.   Particles  that  are  too  small  can  be  lofted  to  a  greater  height  than  that  of  t 
maximum-distance  particle,  but  they  will  burn  out  before  returning  to  the  ground.   Larger 
particles  cannot  be  lofted  so  high,  and  thus  will  not  travel  as  far.   The  probability  of 
ignition  by  a  firebrand  particle  is  also  not  addressed  in  this  paper.   What  is  predicted  is 
distance  to  which  a  viable  firebrand  could  be  carried.   If  it  fails  to  land  upon  a  suitable 
fuel  to  ignite,  or  if  the  fire  ignited  fails  to  spread,  no  spot  fire  will  occur. 

The  analysis  presented  here  consists  of  several  steps.   Each  step  involves  idealizatic 
and  untestable  approximation  of  the  physical  realities  of  the  situation  addressed.   This 
oblique  approach  stems  from  the  need  to  simplify  the  problem  in  order  to  deal  with  it 
analytically.   But  in  making  simplifying  mathematical  assumptions,  one  always  faces  the 
possibility  of  discarding  or  badly  distorting  important  features  of  the  physical  situation. 
Because  it  is  impossible  to  test  some  key  approximations  of  the  model  presented  here,  it  is 
important  that  they  be  documented  because  they  are  possible  sources  of  error.   By  testing  t 
predictions  of  the  model  against  experience  in  the  field,  deficiencies  can  be  discovered, 
further  research  can  trace  such  defects  to  their  sources  within  the  model  so  they  can  be 
corrected.   A  major  purpose  of  this  paper,  therefore,  is  to  leave  a  well-marked  trail  throu 
the  analytical  thicket  of  the  model  to  help  in  finding  and  fixing  the  flaws  it  probably 
includes . 


FORMULATION  AND  IDEALIZATION 

In  earlier  works  (Albini  1979,  1981a;  Chase  1981),  the  trajectories  of  firebrand  parti 
have  been  calculated,  leading  to  formulae  for  spotting  distance  once  the  initial  height  of 
particle  is  known.   These  formulae  can  be  used  to  predict  spotting  distances  from  wind-aide 
free-burning  fires  in  surface  fuels  as  well.   What  remains  to  be  done  is  to  predict  the  maj 
height  of  firebrand  particles  lofted  by  such  fires  using  observable  or  calculable  features 
the  behavior  of  the  fire.   As  before,  we  consider  only  firebrand  particles  that  have  no 
aerodynamic  lift  (i.e.,  can  not  glide),  so  once  the  flow  field  of  the  hot  plume  above  the  f 
is  known,  the  lofting  flight  of  an  entrained  particle  can  be  calculated. 

Thus  the  problem  is  reduced  to  that  of  describing  the  aerodynamic  environment  above  a 
wind-aided  surface  fire.  To  model  this  flow  field,  it  is  necessary  to  simplify  the  descrip 
of  the  fire,  because  an  oblong,  growing  fire  perimeter,  with  intensity  a  function  of  positi 
is  far  too  complex  to  use  as  a  boundary  condition  in  the  fluid  flow  equations.  The  means  c 
simplification  chosen  here  is  to  describe  only  the  most  intense  segment  of  the  fire  perimet 
its  leading  edge,  and  to  treat  this  segment  as  a  straight  line  perpendicular  to  the  direct! 
of  the  wind. 

Wildland  fires  seldom,  if  ever,  have  shapes  that  closely  resemble  straight  lines  at  th 
leading  edges.   Nevertheless  the  front  of  a  wind-driven  surface  fire  frequently  is  nearly 
perpendicular  to  the  direction  of  the  wind  over  a  distance  that  is  much  larger  than  the  ext 
of  the  burning  zone  in  the  direction  of  the  wind.   Focusing  on  this  portion  of  the  fire,  wl 
its  intensity — as  measured  by  the  energy  release  rate  per  unit  length  of  fire  edge — is 
greatest,  the  front  can  be  approximated  as  a  straight  line  perpendicular  to  the  direction  c 
the  wind.   A  mathematical  idealization  of  this  portion  of  the  fire  perimeter  is  that  it  ext 
indefinitely  far  in  either  direction.   This  is  the  conceptual  line  fire  that  is  modeled  her 
The  intention  is  to  model  a  fire  that,  if  it  did  exist,  would  produce  an  aerodynamic 
environment  for  firebrand  particles  that  would  closely  mimic  that  which  exists  above  the 
leading  edge  of  a  real  fire. 

The  mathematically  ideal  line  fire  is  a  two-dimensional  construct  that  does  not  exist, 
can  be  closely  approximated  in  laboratory  simulations.   By  eliminating  the  third  dimension 
the  problem,  analysis  is  greatly  simplified,  and  models  of  the  ideal  process  can  be  assembl 


nd  tested  in  the  laboratory.   This  procedure  has  been  widely  followed  in  the  field  of  fluid 
lechanics  dealing  with  buoyancy-induced  flows  such  as  from  fires  or  other  sources  of  heat 

Rouse  1947 ;  Rankine  1950;  Rouse,  Yih,  and  Humphreys  1952;  Priestly  and  Ball  1955;  Lee  and 
Immons  1961;  Putnam  1965;  Gostintsev  and  Sukhanov  1977,  1978;  Luti  1980,  1981; 

Jbini  1981b,  1982;  Fernandez-Pello  and  Mao  1981)  or  from  the  discharge  of  buoyant  fluid  from  a 
Line  source  (Scorer  1959;  Richards  1963;  Cederwall  1971;  Roberts  1977,  1979a, b,  1980;  Strobel 
md  Chen  1980).   Much  can  be  learned  from  the  study  of  such  idealized  approximations  of  the 
;eal  world.   If  the  essence  of  the  physical  process  is  captured,  then  scaling  from  the 
.aboratory  to  the  field,  using  mathematical  modeling,  can  be  done  with  confidence. 

A  relevant  example  of  such  scaling  is  the  behavior  of  the  buoyant  plume  from  a  line  source 
n  cross  flow.   Smoke  from  a  heading  or  backing  line  fire  in  a  wind  is  transported  and 
lispersed  by  such  a  plume.   Rankine  (1950)  reported  experimental  work  done  during  World  War  II 
m    the  dispersal  of  fog  over  airport  runways  by  a  linear  array  of  burners.   The  vertical  and 
lorizontal  extent  of  the  hot  gas  zone,  as  transported  by  a  crossing  wind,  was  to  be  scaled  to 
:he  field  situation  from  small  indoor  experiments.   By  dimensional  analysis,  he,  Rouse  (1947), 
md  Taylor  (1961)  deduced  the  importance  of  the  ratio  of  the  cube  of  the  windspeed  to  the  heat 
source  intensity  as  a  determining  factor  in  fixing  the  angle  of  the  buoyant  flow.   Byram  (1959) 
Introduced  this  parameter  to  the  characterization  of  forest  fire  behavior  as  a  measure  of  the 
bower  of  the  wind  relative  to  that  of  the  fire.   Putnam  (1965)  correlated  flame  tilt  angle  to  a 
variable  that  Albini  (1981b)  showed  to  be  the  same  as  this  ratio.   In  related  research, 
Zederwall  (1971)  showed  the  influence  of  this  parameter  on  the  pattern  of  dispersal  of  buoyant 
affluent  from  a  slot  orifice  under  water.   Roberts  (1979a)  showed  experimentally  that  whether 
or  not  the  plume  from  a  finite-length  line  source  in  a  cross  flow  detaches  from  the  surface  or 
is  trapped  against  it  depends  solely  on  this  ratio.   Van  Wagner  (1973)  used  this  parameter  in 
his  experimental  correlation  of  fire  intensity,  windspeed,  and  tree  crown  scorch.   Theoretical 
analysis  of  the  buoyant  plume  from  a  line  fire  in  wind  (Gostintsev  and  Sukhanov  1977,  1978) 
showed  that  this  ratio  should  have  a  dominant  influence  on  plume  geometry  on  a  scale  of  tens  of 
kilometers  in  the  atmosphere.   Recent  numerical  simulations  (Luti  1980,  1981)  suggest  that  this 
;indeed  may  be  so. 

Using  the  experimental  findings  of  Roberts  (1979a),  one  can  calculate  the  intensity  at 
which  a  line  fire  should  generate  a  plume  that  separates  itself  from  the  surface  and  rises  as  a 
distinct  structure.   This  relationship  is  given  in  (1)  and  graphed  in  figure  1.   This  figure 
shows  that  fires  in  natural  fuels  should  exhibit  the  entire  range  of  plume  behaviors,  from 
standing  to  trapped  against  the  surface  in  the  nature  of  a  boundary  layer: 

I  =  17.5U3  (1) 

where  I  is  minimum  fire  intensity  (kW/m)  and  U  is  windspeed  (m/s) .   Of  course,  this 
interpretation  of  the  meaning  of  Roberts'  experiments  in  terms  of  the  behavior  of  fire  plumes 
is  subject  to  qualifications  and  cautions  about  applicability.   The  experiments  were  carried 
out  in  a  free-surface  water  tunnel  apparatus  and  the  cross  flow  stream  had  a  minimal  level  of 
turbulence.   Furthermore,  the  velocity  of  the  cross  flow  in  the  experiments  was  constant  with 
height.   All  of  these  conditions  are  obviously  violated  by  a  free-burning  fire.   The  analytical 
description  of  Gostintsev  and  Sukhanov  (1977)  showed  the  velocity  profile  with  height  to  have  a 
strong  influence  on  plume  geometry  in  the  idealized  two-dimensional  case.   So  while  the  general 
behavior  of  a  fire  plume  should  be  described  qualitatively  by  the  relationship  graphed  in 
figure  1,  it  should  not  be  taken  as  definitive. 

Armed  with  the  prediction  of  figure  1,  showing  the  general  character  of  the  flow  field, 
one  might  consider  modeling  the  mean  flow  structure  of  the  plume  using  the  integral  method 
(Gostintsev  and  Sukhanov  1977,  1978).   Were  it  not  for  the  fact  that  the  mean  flow  field  should 
be  expected  to  change  character  abruptly  as  the  relationship  between  windspeed  and  fire 
intensity  changes,  such  a  model  would  be  adequate.   Because  both  windspeed  (Davenport  1961; 
Doran  and  Powell  1982)  and  fire  intensity  (Albini  1983a)  vary  with  time,  the  character  of  the 
mean  flow  field  must  be  expected  to  alternate  between  plume  and  boundary  layer  types. 
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Figure   1  .--Minimum  fire 
tensity   needed    to  pro 
a   plume    that   separate 
from   the   surface   as   a 
distinct   structure . 
range   of   values    is    re 
dily   extended .      If   th 
windspeed  is   read   as 
times    the    value   on    th 
horizontal    axis   of   th 
graph,    the   intensity 
value   read   from   the 
vertical    axis   is   mul- 
tiplied by    1 ,000  .      Re 
inner  scales   or   outer 
scales   on   each    axis, 
but   do  not   mix   them  o 
readings   will   be 
incorrect . 


TRANSPORT  OF  FIREBRAND  PARTICLES  BY  THERMALS 

The  variation  of  fire  intensity  with  time  provides  a  mechanism  for  the  generation  of  a 
sequence  of  puffs  of  buoyant  fluid,  called  "thermals."  This  can  occur  as  follows:  When  th 
intensity  of  the  fire  decreases  to  below  average,  as  it  should  just  after  having  been  above 
average  (Albini  1982),  the  plume  tilts  to  an  angle  greater  than  average.  This  sequential 
alteration  in  the  pattern  of  flow  produces  a  "fold"  in  the  plume  sheet,  like  a  wrinkle  in  a 
piece  of  fabric.  This  fold  tends  to  pinch  off  and  break  away  from  the  rest  of  the  plume  fl 
and  rise  as  an  isolated,  coherent  structure. 

Thermals  so  generated  are  assumed  in  this  model  to  provide  the  principal  means  of 
transporting  firebrand  particles.   This  hypothesis,  crucial  in  the  model's  development,  is 
unlikely  ever  to  be  tested  directly.   But  if  testing  model  predictions  against  experience  i 
the  field  shows  the  predictions  to  be  inaccurate,  this  assumption  may  be  responsible. 

The  ability  of  a  line  thermal  to  transport  firebrand  particles  has  been  analyzed 
(Albini  1983b) ,  and  the  results  are  surprisingly  simple  in  form.   The  maximum  firebrand  lof 
height  was  found  to  be  roughly  proportional  to  the  square  root  of  the  energy  per  unit  lengt 
(or  "strength")  of  the  thermal.   Equation  (2)  gives  this  relationship  : 


H  =  0.173E 


1/2 


(2) 


where  H  is  maximum  firebrand  height  (m)  and  E  is  thermal  strength  (kJ/m) . 

When  the  particle  exits  the  rising  thermal,  it  will  be  some  distance  downwind  from  the 
fire  front  where  the  thermal  originated.   This  additional  travel  distance  must  be  added  to 
spotting  distance  predicted  from  the  maximum  firebrand  height  (Chase  1981).   This  added 
distance  depends  upon  the  profile  of  windspeed  with  height  (Albini  1983b).   If  the 
windspeed  varies  as  the  seventh  root  of  the  height  above  ground  (Plate  1971;  Monteith  1973) 
then  equation  (3)  should  be  used  to  calculate  the  downwind  drift  distance: 


X  =  2.78  U(H)  H1/2  (3) 

where  X  is  downwind  drift  distance  (m)  and  U(U)  is  mean  windspeed  (m/s)  at  height  H,  which 
obeys  the  equation 

U(H)  =  U(Z)(H/Z)1/?,  (l>) 

up  to  several  hundred  meters  height  (Plate  1971).   Here  Z  is  any  convenient  reference  height 
(m)  in  the  applicable  range. 

If  the  windspeed  follows  the  logarithmic  law  of  the  wall  (Monteith  1973),  then  equation 
(5)  should  be  used: 

X  =  2.73  U(h)  H1/J[2.13  +  ln(H/h)]  (5) 

|  where  X  is  downwind  drift  distance  (m) ,  and  U(h)  is  mean  windspeed  (m/s)  at  vegetation  cover 
j  height  h  (m) .   This  form  may  overestimate  the  windspeed  for  small  values  of  h,  in  which  case 
(3)  should  be  used  (Albini  1981a). 

With  these  results,  the  modeling  problem  is  reduced  to  that  of  predicting  the  strength  of 
the  thermals  generated  by  a  line  fire. 


STRENGTH  OF  THERMALS  FROM  A  LINE  FIRE 

The  conceptual  process  for  generation  of  thermals  described  above  relates  the  variation  of 
fire  intensity  with  time  to  the  generation  of  thermals  by  a  wind-driven  surface  line  fire.   The 
variation  of  fire  intensity  with  time  is  caused  by  the  variations  in  windspeed  that  are  always 
present  in  the  near-surface  atmosphere  (Davenport  1961;  Doran  and  Powell  1982).   A  model  for 
the  response  of  a  line  fire  to  nonsteady  wind  (Albini  1982)  was  used  with  an  empirical 
description  of  the  variability — or  gustiness — of  the  wind  (Davenport  1961)  to  derive  a  general 
picture  of  the  variations  in  fire  intensity  to  be  expected  in  different  fuels  (Albini  1983a) . 
The  variations  of  intensity  are  described  in  terms  of  the  power  spectral  density  of  the 
sequence  of  deviations  from  the  mean  that  each  fuel  type  should  exhibit. 

Figures  2-4  show  the  power  spectral  densities  of  fire  intensity  variations  for  twelve  of 
the  thirteen  stylized  fuel  models  (Albini  1976)  used  for  predicting  wildfire  behavior 
(Rothermel  1983).   These  figures  were  calculated  as  in  Albini  (1983a).   The  fuel  types  shown 
are  those  that  are  either  ordinarily  found  without  timber  cover  or  are  used  to  represent  such. 
The  model  for  closed  timber  litter  (fuel  model  8)  has  been  omitted,  but  the  model  for  hardwood 
litter  (model  9)  is  included  with  the  grass  types  in  figure  2,  since  it  is  often  used  when  the 
deciduous  overstory  is  bare  of  leaves.   The  timber  litter  and  understory  type  (model  10)  is 
sometimes  used  to  represent  timber  harvest  debris  that  has  become  overgrown  with  shrubs  or 
other  surface  vegetation,  so  it  is  included  with  the  logging  slash  fuel  models  in  figure  3. 
The  shrub  fuel  types  are  grouped  together  in  figure  4.   In  each  of  these  figures,  the  windspeed 
is  shown  in  the  upper  righthand  corner  of  each  panel.   This  windspeed  is  the  mean — long  term 
average — value  of  the  horizontal  windspeed  measured  at  the  international  anemometer  standard 
height  of  ten  meters  above  the  ground. 

These  figures  illustrate  that  there  is  very  little  total  frequency  range  to  the  variations 
in  fire  intensity  for  any  of  the  fuel  models.   The  grass  types  (and  hardwood  litter)  show 
variations  at  higher  frequencies  than  do  the  slash  or  shrub  fuels,  and  the  frequency  range 
tends  to  increase  slightly  as  the  windspeed  increases.   But  in  all  cases,  most  of  the  energy  in 
these  spectra  is  concentrated  in  a  single,  narrow  frequency-range  hump  at  the  low  frequency  end 
of  the  spectrum. 
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Figure   2. — Power   spectral    densities   of  fire   intensity    variations    (divided 
by    variance   of  intensity)    for   grass   and  hardwood   litter   fuels. 
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Figure    3. —  Power  spectral    densities    of  fire   intensity    variations    (divided 
by    variance   of  intensity)    for   logging  slash    fuels. 
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Figure   4. — Power  spectral    densities   of  fire   intensity    variations    (divided 
by    variance   of  intensity)    for  shrub-type   fuels. 


Thus  much  of  the  information  contained  in  these  spectra  can  be  captured  in  two  numbers: 
(1)  the  frequency  at  which  the  first  (lowest  frequency)  maximum  occurs,  and  (2)  the  maximum 
value  of  the  power  spectral  density.   Table  1  lists  the  frequencies  of  the  first  maxima  of  the 
power  spectra  of  intensity  variations  for  the  twelve  fuel  models  graphed,  for  windspeeds  from  5 
to  30  m/s.   Table  2  lists  the  maximum  values  of  the  power  spectra  (normalized  by  the  variance 
of  fire  intensity)  for  the  same  set  of  fuel  types  and  windspeeds.   These  tables  can  be  used  as 
a  guide  and  for  numerical  data  in  seeking  an  approximation  to  the  pattern  of  fire  intensity 
variations  with  time. 


Such  an  approximation  is  necessary  because  the  power  spectral  density  alone  does  not 
contain  enough  information  about  the  variation  of  intensity  with  time  to  reconstruct  it  (Bendat 
and  Piersol  1966)  .   To  predict  the  strength  of  a  thermal  generated  by  a  fluctuation  in  the 
intensity  level,  one  needs  at  least  the  amplitude  of  the  deviation  of  intensity  from  the  mean 
and  the  duration  of  the  excursion.   The  extra  energy  in  this  excursion  could  be  concentrated  in 
a  thermal.   The  waveform  or  exact  trace  of  the  intensity-vs-time  pattern  is  not  important; 
rather  it  is  the  area  under  such  a  curve  that  measures  the  energy  in  the  deviation.   Thus  any 
shape  function  will  suffice,  so  long  as  it  has  the  same  excess  energy  in  the  deviations. 

Note  that  the  process  for  the  formation  of  thermals  represents  another  untestable  but  very 
important  component  of  this  model.   It  may  be  that  the  thermals  shed  by  a  line  fire  provide  the 
main  mechanism  of  firebrand  transport,  but  that  the  process  by  which  they  are  generated  is 
different  from  that  just  described.   If  so,  another  model  for  this  aspect  of  the  process  may  be 
required.   Here  we  assume  that  it  is  the  low  frequency,  relatively  small  amplitude  fluctuations 
of  fire  intensity  that  produce  the  thermals  in  which  we  are  interested.   Another  possibility  is 
that  relatively  rare  but  more  extreme  excursions  cause  them.   These  kinds  of  excursions  should 
probably  be  analyzed  as  specific  events,  perhaps  using  the  fire  response  model  (Albini  1982) 
directly. 


The  model  on  which  these  graphs  and  tables  are  based  predicts  that  modest  deviations  of 
the  intensity  from  the  mean  value  are  most  likely  to  occur  as  pairs  of  opposite  sign  and  aboi 
equal  duration.  That  is,  an  increase  in  intensity  will  cause  the  fire  spread  rate  to  decreai 
leading  to  a  subsequent  proportionate  decrease  in  intensity.  The  duration  of  the  excursions 
should  also  be  about  equal,  being  fixed  by  the  time  it  takes  the  flame  front  to  spread 
vertically  through  the  fuelbed  from  top  to  bottom.  It  does  not  matter  whether  an  increase  o: 
decrease  occurs  first;  the  same  generalization  about  the  behavior  obtains. 


Table  1.  Frequencies   of  first   maxima   of  fire   intensity   power  spectra 
for   fuel    models   without    timber   cover.      Entries    are   in   millihertz . 
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Grass  and  litter 

1  Short  grass 

2  Grassy  understory 

3  Tall  grass 

9  Hardwood  litter 

Shrub  types 

4  Mature  chaparral 

5  Young  chaparral 

6  Dormant  brush 

7  Southern  rough 

Logging  slash 

10  Overgrown  slash 

11  Light  conifer  slash 

12  Medium  conifer  slash 

13  Heavy  conifer  slash 


Table  2.   lAalue  of  power  spectral    density  /variance   at   first   maximum 
for   fuel    models   without    timber   cover.      Entries   are   in   seconds. 
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165 
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147 
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209 

202 

193 

186 

179 

209 

220 

210 

200 

192 

185 

2.17 

226 

215 

204 

195 

188 

Based  on  this  understanding  of  the  phenomenology,  and  guided  by  the  fact  that  only  the 
energy  in  a  deviation  of  the  intensity  from  the  mean  for  a  short  time  is  required  to  calculate 
the  strength  of  a  thermal,  a  surrogate  process  of  time-dependent  fire  intensity  is  fabricated 
and  analyzed  to  provide  a  link  between  mean  fire  intensity  and  the  strength  of  generated 
thermals.   The  process  invented  for  analysis  consists  of  a  series  of  deviations  from  the  mean, 
each  being  of  the  same  amplitude  and  each  lasting  foi  the  same  time,  but  occurring  at  random 
intervals  of  time  with  a  constant  long-term  average  rate.   One  of  these  excursions  consists  of 
a  sudden  change  in  fire  intensity  from  the  mean  value,  followed  a  short  cime  later  by  a  sudden 
change  of  equal  magnitude  but  of  the  opposite  sign,  which  lasts  for  the  same  time.   The  average 
lvalue  of  such  an  excursion  is  zero,  since  it  has  the  same  deficit  in  intensity  as  it  has 
excess,  and  the  deviations  are  each  of  the  same  duration.   Mathematically,  one  describes  such 
an  event  as  a  one-period  square  wave.   The  power  spectral  density  of  such  a  sequence  of  brief 
oscillations  is  derived  in  appendix  A. 


Figure  5  shows  a  set  of  power  spectra  from  the  process  analyzed.   The  only  parameters 
needed  to  describe  the  sequence  are  the  period — or  total  duration — of  an  event,  the  magnitude 
of  the  increase  and  decrease,  and  the  mean  rate  of  occurrence  of  the  events.   The  mean  rate  of 
occurrence,  multiplied  by  the  event  period,  gives  the  probability  that  such  an  event  will  be 
occurring  at  any  arbitrarily  selected  time  of  observation.   This  probability  (identified  as 
P   )  is  used  as  a  parameter  in  figure  5,  to  specify  the  different  curves.   The  event  period 
is  used  to  multiply  the  frequency,  giving  the  dimensionless  x-axis  variable  of  the  graphs.   By 
dividing  the  power  spectral  density  by  the  product  of  the  probability  parameter,  the  square  of 
the  deviation  amplitude,  and  the  event  period,  the  y-axis  variable  is  also  made  dimensionless. 
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Figure   5. — Power  spectral    density    (divided  by   product   of  event   period   and   variance   of 
amplitude)    of   an   ergodic  sequence   of  one-period  square   wave   events   with   random 
occurrences .      The  parameter   P        is    the   a   priori    probability    that   an   event   is   ongoing 
at   any   arbitrary   point   in    time.      The   variance   is    thus   P^ 
square   of   the   amplitude   of   the   deviations . 
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The  product  of  the  probability  and  the  square  of  the  amplitude  is  also  the  variance  of 
intensity.   Thus  to  match  these  curves  with  those  given  by  the  modeled  fire  intensity  power 
spectra  in  figures  2-4,  one  need  only  match  the  peak  of  the  power  spectral  density  and  the 
frequency  at  which  it  occurs.   This  entails  picking  a  probability  value  and  selecting  the 
event  period  for  the  surrogate  process.   Figure  6  shows  examples  of  the  matches  that  are 
achieved  using  this  technique. 

The  graphs  in  figure  6  illustrate  that  the  match  between  the  hypothetical  pattern  of 
intensity  variations  and  that  predicted  for  "real"  fires  is  not  very  good  for  the  grass  and 
hardwood  litter  fuels  at  low  windspeed.   The  surrogate  process  exaggerates  the  contribution 
the  lower  frequencies  and  underestimates  the  contribution  from  higher  frequencies.   The  mode 
therefore  would  tend  to  overestimate  the  strengths  of  the  thermals  generated,  by  concentrati 
too  much  energy  in  the  intensity  deviations  assumed.   A  more  realistic  waveform  would  contai 
more  high-frequency  components  and  so  reduce  the  energy  in  these  "square  wave  thermals".   Th 
match  to  the  general  shape  of  the  spectra  becomes  better  at  higher  windspeeds  for  these  fuel 
For  the  slash  and  shrub  fuel  types,  the  match  of  shapes  of  the  spectra  is  generally  good,  at 
least  qualitatively,  over  the  entire  range  of  windspeeds.   Again,  the  errors  implied  by  the 
nature  of  the  mismatches  are  such  as  to  overestimate  the  strengths  of  the  thermals. 


MEAN    WINDSPEED    (10m)  6    m/« 

1       SHORT    GRASS 


FREQUFNCY.  HZ 


0.0  1 
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Figure   6. — Results   of  equating   the  peak   of   the  power  spectral    density   and   the   frequency 
at  which   it   occurs,    using   the  hypothetical   spectral    density    formula   derived  in   appen- 
dix A    (as    graphed  in   fig.    5)    and   the   predicted  power  spectral    densities    for   the 
various    fuel    models   as    graphed  in   figures   2-4.      Compare    these   graphs   with    the   ones 
they   are   intended   to   approximate   in   figures    2-4. 
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With  the  substitution  of  the  hypothetical  process  for  the  actual  but  unknown  fire 
intensity  variation  pattern,  the  energy  in  a  thermal  becomes  ver-  easy  to  calculate.   It  is 
simply  the  product  of  the  magnitude  of  the  intensity  variation  multiplied  by  half  the  event 
period.   The  period  is  determined  by  matching  the  frequencies  of  the  peaks  of  the  power 
spectra,  and  the  magnitude  of  the  deviations  is  determined  by  matching  the  peak  values  of  the 
power  spectra.   The  resulting  expression  for  the  energy  in  a  thermal  becomes  a  numerical 
constant  multiplied  by  the  standard  deviation  of  the  fire  intensity  variations  and  divided  by 
the  frequency  of  the  peak  in  the  power  spectrum.   This  form  could  have  been  predicted  at  the 
outset  purely  from  dimensional  arguments.   The  numerical  values  of  the  constants  are  the  only 
quantities  that  depend  upon  the  specific  model  chosen  as  a  surrogate  for  the  real  variations  in 
fire  intensity.   For  that  reason,  the  details  of  this  substituted  process  are  of  no  great 
consequence  to  the  predictions  of  this  model. 

The  value  of  the  standard  deviation  of  fire  intensity,  expressed  as  a  percentage  of  the 
mean  fire  intensity,  is  presented  for  the  12  fuel  models  analyzed  in  table  3.   These  results 
are  predicted  directly  by  the  intensity  fluctuation  model  (Albini  1983a)  and  do  not  depend  at 
all  on  the  substitute  process.   Note  that  the  fractions  in  table  3  decline  with  increasing 
windspeed.   This  does  not  mean  that  the  strength  of  the  thermals  decreases  with  windspeed.   On 
the  contrary,  because  the  mean  fire  intensity  increases  with  windspeed  faster  than  the 
percentage  deviations  decrease,  and  the  periodicity  remains  about  constant,  the  thermals  in 
fact  become  stronger. 


Table  3.  Values   of   the   standard   deviation   of   fire   intensity ,    as   a 
percentage   of   the   mean   intensity    (coefficient   of   variation)    for 
12   fuel    models    that   occur  without    timber   cover. 
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The  final  step  in  this  lengthy  process  is  to  relate  the  strengths  of  the  thermals  to  th 
mean  fire  intensity  and  windspeed  for  each  fuel  model: 


I  f(U) 


(7) 


where  E  is  the  strength  of  a  thermal  (kJ/m) ,  I  is  mean  fire  intensity  (kW/m) ,  and  f(U)  is  a 
function  of  the  mean  windspeed  at  10  m  height.   This  function  was  found  by  fitting  a  power  1 
of  the  form: 


f(U)  =  A  U 


(8) 


(f  in  units  of  seconds)  to  the  numerical  results  obtained  for  each  of  the  6  windspeeds  used 
the  tables  above.   By  this  process,  the  simple  final  results  given  in  table  4  were  derived. 


Table  4.  Results   of  power   law   regressions    to   approximate 
the   energy   in    line    thermals    generated  by   burning   various 
fuels.      E/I  =  A  exp    (B   log   U)    where   E  is    the   energy   in   a 
thermal    and   I  is   mean   fire   intensity .  Units   of  coefficient 
A   are   in   seconds   and   U  is    10-m  height   mean  windspeed,    m/s . 


Fuel  model 


A 
(s) 


Coefficient  of 
determination 


Grass  and  litter 

1  Short  grass 

2  Grassy  understory 

3  Tall  grass 

9  Hardwood  litter 


162 
166 
129 
154 


■1.456 
•1.282 
•1.238 
•1.151 


1.000 
.998 
.996 
.979 


Shrub    types 

4  Mature  chaparral 

5  Young  chaparral 

6  Dormant  brush 

7  Southern  rough 


83 

94 
74 
75 


•1.040 

■  .881 

■  .906 
•    .884 


1.000 

1.000 

1.000 

.998 


Logging   slash 

10  Overgrown  slash 

11  Light  conifer  slash 

12  Medium  conifer  slash 

13  Heavy  conifer  slash 


66, 
63, 
69, 


71.8 


.810 
.776 
.818 
.835 


,998 
.993 
,997 
,995 
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SPOTTING  DISTANCE  EXAMPLES 

To  illustrate  the  use  of  the  formulation  presented  here,  two  examples  are  computed.   Tn 
the  first  example,  we  estimate  the  maximum  spotting  distance  from  a  wind-driven  fire  in  short 
grass;  in  the  second  example  the  fuel  is  chaparral,  and  we  consider  a  higher  windspeed.   For 
simplicity,  the  terrain  is  considered  to  be  flat  in  both  cases. 

Example  1.   Estimate  the  maximum  spot  fire  distance  from  a  heading  fire  in  short  grass, 
with  intensity  of  2000  kW/m  (580  Btu/ft-s)  when  the  mean  windspeed  at  10-m  height  is  5  m/s 
(about  1 1  mi/h) . 

We  must  use  equation  (7)  to  find  the  energy  (E)  in  a  thermal  from  the  line  fire.   We  have 
the  intensity  (I),  so  we  refer  to  table  4  to  find  the  parameters  defining  the  multiplying 
function  f(U).   Table  4  gives,  for  short  grass,  A  =  162,  B  =  -1.465.   The  windspeed  (U)  is 
5  m/s,  so  the  multiplying  function  f(U)  is  given  by 

f(U)  =  A  UB  =  162  x  (5)"KA65  =  15.33  s.  (9) 

Multiplying  this  factor  by  the  intensity  (I  =  2000  kW/m)  gives  the  thermal  energy: 

E  =  I  f(U)  =  (2000)  x  (15.33)  =  30  660  kJ/m.  (10) 


This  energy  is  used  in  equation  (2)  to  obtain  the  maximum  firebrand  particle  height,  H: 

H  =  0.173  E1/2  =  0.173  x  (30  660)1/2  =  30  m.  (11) 

This  quantity  is  the  initial  firebrand  particle  height.   Using  the  formulae  in  Chase  (1981), 
where  this  height  is  called  z(0),  we  find  that  the  cover  height  associated  with  short  grass  is 
too  low  to  allow  use  of  the  logarithmic  windspeed  profile,  and  that  we  must  use  instead  an 
"effective  cover  height"  (Albini  1981a)  of  1.93  m  to  calculate  the  maximum  spotting  distance. 
Using  the  formula  in  Chase  (1981),  p.  5,  for  the  flat-terrain  spotting  distance,  there  labeled 
F,  we  discover  that  we  require  the  windspeed  (in  km/h)  at  6  m  height.   We  can  obtain  this  from 
equation  (4),  using  the  power  law  profile  for  windspeed  with  height.   We  use  this  profile 
because  it  is  convenient  and  closely  approximates  the  logarithmic  law,  although  either  could  be 
used  without  introducing  error  beyond  that  probably  inherent  in  the  model. 

Using  equation  (4),  we  estimate  the  windspeed  at  6  m  height  to  be: 

U(6m)  =  U(10m)  x  (6/10) 1/?  =  0.93  x  U(10m) 

=  0.93  x  5  =  4.65  m/s  =  16.7  km/h.  (12) 

This  windspeed  can  be  used  in  the  equation  in  Chase  (1981)  to  calculate  the  maximum 
spotting  distance,  with  the  result: 

F  =  flat  terrain  spotting  distance  =  0.17  km.  (13) 

I  I 


To  this  distance  it  is  necessary  to  add  the  downwind  drift  during  lofting,  from 
equation  (3).   That  equation  requires  the  windspeed  at  the  maximum  particle  height.   Again  we 
return  to  equation  (4)  to  estimate  that  value,  with  the  result: 

U(30m)  =  U(10m)  x  (30/10)1/7  =  5  x  1.17  =  5.85  ra/s.  (14) 

Using  this  value  in  equation  (3)  gives  the  spotting  distance  correction  as: 

X  =  2.78  x  5.85  x  (30)1/2  =  89  m  =  0.09  km.  (15) 

This  result  illustrates  the  importance  of  the  correction  term  in  this  instance,  since  th 
distance  is  about  half  that  predicted  due  to  falling  from  the  initial  height  in  the  wind. 
Adding  the  correction  to  the  original  prediction  (12),  gives  the  final  result  of  0.26  km  (or 
about  0.16  mi) . 

Example  2.  Estimate  the  maximum  spot  fire  distance  from  a  wind-driven  fire  in  chaparral 
when  the  windspeed  at  10  m  height  is  20  m/s  and  the  fire  intensity  is  calculated  to  be  50  000 
kW/m  (about  14,400  Btu/ft-s). 

This  is  a  severe  surface  fire  with  very  high  intensity  and  very  strong  wind.   Large 
spotting  distances  might  be  expected,  especially  in  light  of  the  results  of  the  first  example 

Again,  the  first  step  is  to  estimate  the  strength  of  the  thermals  from  the  line  fire. 
Table  4  gives  the  values  A  =  83.9  and  B  =  -1.04.   Using  these  in  the  equation  for 
f(U) — equation  (8) — gives  a  multiplier  of 

f(U)  =  A  UB  =  (83.9)  x  (20)"K0A  =  3.72  s,  (16) 

and  so  a  thermal  strength,  from  equation  (7),  of 

E  =  I  f(U)  =  (50  000)  x  (3.72)  =  186  000  kJ/m.  (17) 

Using  this  result  in  equation  (2)  gives  the  maximum  firebrand  lofting  height 

H  =  0.173  E1/2  =  0.173  x  (431)  =  75  m.  (18) 


As  before,  it  is  necessary  to  estimate  the  windspeed  at  6  m  height,  and  again  we  can  use 
equation  (4).  Doing  so  gives  the  value  66.9  km/h  at  the  lower  height.  Also  as  in  the  previo 
case,  the  formulation  in  Chase  (1981)  restricts  us  to  use  of  the  power  law  windspeed  profile, 
and  hence  to  use  of  an  artificial  cover  height.  With  these  data  in  hand,  Chase's  formula  giv 
a  flat-terrain  spotting  distance  (F)  of  1.26  km. 

The  downwind  drift  during  particle  lofting  again  is  a  large  correction  to  this  result. 
Once  more  using  equation  (4)  to  extrapolate  the  windspeed  to  the  firebrand  height,  we  find 

U(75m)  =  U(10  m)  x  (75/10) 1/?  =  26.7  m/s.  (19) 
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This  result,  used  in  equation  (3),  gives  the  correction  to  be  added  to  the  predicted 
spotting  distance: 

X  =  2.78  x  (26.7)  x  (75)1/2  =  642  m  =  0.64  km.  (20) 

The  final  result  in  this  case  is  1.26  +  0.64  =  1.90  km,  or  about  1.2  mi.   This  result  may  seem 
to  be  a  low  estimate.   Note,  however,  that  even  with  this  high  intensity,  equation  (1)  predicts 
that  the  wind  field  should  overpower  the  convection  column  and  blow  the  smoke  along  the 
surface.   In  such  situations,  long  range  spotting  is  infrequent. 


SUMMARY  _ll..,,.r,w 

SUMMARY 

The  process  by  which  firebrands  are  transported  from  wind-driven  line  fires  is  postulated 
to  be  that  of  lofting  of  particles  by  line  thermals  that  are  generated  by  variations  in  the 
intensity  of  the  fire.   Both  the  mechanism  of  firebrand  lofting  and  the  mechanism  of  the 
generation  of  thermals  are  speculative  assumptions  that  are  probably  not  directly  subject  to 
test.   Because  of  this  fact,  the  model  presented  here  is  a  theoretical  construct  and  will 
probably  remain  so,  even  if  field  tests  show  its  predictions  to  be  usefully  accurate.   The 
motivation  for  this  approach  is  simply  that  the  problem  in  its  general  form  is  analytically 
intractable,  being  both  three-dimensional  and  time-dependent.   This  analysis  preserves  the 
appealing  idealization  of  two-dimensionality,  but  incorporates  in  a  weak  way  the  time 
variability.   The  postulation  of  a  surrogate  time  sequence  process  representing  the  fire 
intensity  variations  permits  direct  computation  of  the  strength  of  thermals  generated  by  a  line 
fire,  with  little  additional  distortion  suspected.   Equations  presented  here  permit  direct 
computation  of  the  maximum  firebrand  lofting  height  and  the  drift  downwind  during  lofting, 
given  the  mean  intensity  of  the  fire,  the  mean  windspeed  at  10  m  height,  and  a  fuel  description 
in  terms  of  one  of  twelve  stylized  models  widely  used  for  predicting  the  behavior  of  wildland 
fires.   From  the  maximum  firebrand  lofting  height,  the  maximum  spotting  distance  is  calculable 
using  equations  and  graphs  available  in  earlier  publications  or  published  pocket  calculator 
algorithms . 
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APPENDIX  A:  POWER  SPECTRAL  DENSITY  OF  AN  ERGODIC  SEQUENCE  OF 
ONE-PERIOD  SQUARE  WAVE'  EVENTS 

Process  Description 

A  process  described  by  a  function  of  time  that  is  in  some  sense  unpredictable  is  said  t< 
be  stochastic.  Here  we  consider  the  stochastic  process  described  by  the  function  x(t) ,  when 
is  time, 


x   +  >  W(t  -  t. 
o  C    4  i 


x(t)  =  x   +  >  W(t  -  t.)  (1) 

o   '     *  1 

x   is  the  mean  or  long-term  average  of  x,  the  times  t.  are  random,  and  W  is  a  "square  wave" 
o  1 

of  amplitude  A  and  period  T: 

0  t'  <  0 

A  0  <  t'  <  T/2 

W(t')  =  (  0  t*  =  T/2  (2) 

|-A  T/2  <  t'  <  T 

0  t'  >  T. 

It  is  further  stipulated  that  the  times  t.  are  sufficiently  separated  that  the  waveforms  of 
the  various  one  period  deviations  of  x(t)  from  x   do  not  overlap: 

It.  -  t.|  >  T;  i  *   j.  (3) 


The  realization  of  x(t)  expressed  by  (l)-(3)  can  be  visualized  as  a  sequence  of  events 
which  occur  at  random  times.   An  "event"  is  the  deviation  of  x(t)  from  its  mean  value,  x  . 
As  time  goes  on,  these  events  recur;  but  while  an  event  is  ongoing  (t.  <  t  <  t.  +  T), 
another  event  cannot  occur.   For  simplicity,  we  assume  here  that  the  amplitude,  A,  and 
duration,  T,  of  each  event  is  the  same.   These  restrictions  can  be  relaxed  later  if  necessar 

A  more  powerful  constraint  that  we  shall  not  relax  is  the  assumption  that  the  process  i; 
ergodic.   For  the  process  under  discussion,  this  can  be  stated  as  a  requirement  that  the  tim< 
elapsed  between  sequential  events  can  be  described  as  a  random  variable,  whose  distribution 
function  is  independent  of  time.   This  simple  requirement  ensures  that  the  statistical 
properties  of  any  finite  sample  of  the  function  x(t)  do  not  depend  a.  priori    upon  when  the 
sample  is  taken.   Therefore  an  ensemble  of  such  finite  samples  can  be  substituted, 
conceptually,  for  a  single  time  stream  sample  of  the  same  total  duration.   The  equivalence  oi 
ensemble-averaged  and  time-averaged  statistics  is  of  enormous  analytical  consequence. 

Specifically,  let  f(8)  be  the  probability  density  function  for  the  distribution  of  time: 
(9)  that  elapse  between  the  end  of  one  event  and  the  beginning  of  the  next.  If  f(6)  does  not 
depend  upon  t,  then  the  process  described  will  be  ergodic.  For  example,  with  a  large  enough 
sample,  the  average  time  lapse  between  events,  T  ,  will  approach  the  mean  of  the  distributioi 


f(6) 


-A) 


T  ■*■  J  6f(6)de.  (4) 
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utocorrelation  Function 

A  characterization  of  the  process  x(t)  in  terms  of  its  frequency  content  is  expressed  by 
ts  power  spectral  density,  S _(n)  ,  where  n  is  frequency.   The  most  direct  approach  to 
erivation  of  S   is  through  use  of  the  autocorrelation  function  of  the  process,  C  (t): 

■+t/2 
C  (t)  =   lim  -M    x(t')x(t'  +  i)dt'.  (5) 


:■: 


i  C  ' 

(t)  =   lim  j   I    x(t')x(t'  +  i)dt' 

t*»        tJ-t/2 


ecause  we  are  dealing  with  a  mathematically  real  process,  C   is  an  even  function  of  t  and 
he  power  spectrum  can  be  written  as  the  cosine  transform  of  C   (Bendat  and  Piersol,  1966): 


'/ 


S  (n)  =  4  j  cos(2Trni)C  (x)dx.  (6) 

J   0 

Without  loss  of  generality,  the  mean,  x  ,  can  be  taken  to  be  zero.   Then  C  (0)  becomes 
:he  variance  of  the  process  and  a  singularity  at  n  =  0  is  removed  from  S  (n) . 

Making  use  of  the  ergodic  property  of  the  process,  the  time  averaging  operation  of  (5)  can 
je  replaced  by  an  ensemble  average,  expressed  here  as  the  expectation  operator  E: 

Cx(t)  =  E(x(t)x(t  +  t)).  (7) 

The  expected  value  of  the  product  x(t)x(t  +  x)  can  be  deduced  (conceptually)  by  sampling  the 
value  of  the  product  uniformly  over  a  large  ensemble  of„records  of  the  function  x(t).   The 
product  cJearly  can  take  on  only  three  values,  namely  A  ,  -A",  and  0.   The  task  at  hand  is 
to  describe,  as  a  function  of  x,  the  fraction  of  the  samples  that  would  have  each  of  these 
values,  given  the  distribution  function  for  the  time  lapse  between  events,  f(8). 

Consider  first  the  value  of  x(t).   It  will  be  nonzero  only  a  fraction  of  the  time  (or  for 
only  a  fraction  of  the  number  of  samples,  for  any  given  time  on  the  record  of  each  sample). 
This  fraction  can  be  interpreted  as  P   ,  the  a   priori    probability  that  an  event  will  be 
ongoing  at  any  arbitrarily  selected  time  during  a  sample  record.   If  we  consider  a 
long-duration  record  with  a  total  time  span  T*,  then  the  number  of  events  that  we  should  expect 
to  observe  during  that  time  is  N* ,  where  the  total  time  during  which  events  are  occurring  can 
be  expressed  as 

N*T  =  PQNT*.  (8) 

But  the  average  time  elapsed  between  events  is  T   (Eq.  4),  so  the  total  timespan  should  also 
be  expressable  as 

T*  =  N*(T   +  T) .  (9) 

Hence  the  probability  that  an  event  is  ongoing  at  any  arbitrary  time  is 

PQN  =  T/(T   +  T)  ,  (10) 

and  the  mean  rate  of  occurrence  of  events,  v,  is 

v  =  N*/T*  =  1/(T   +  T)  =  PQN/T.  (H) 
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We  can  now  express  (7)  in  terms  of  a  conditional  expectation  y(t),  where 

Y(t)  =  E(x(t)x(t  +  x)|x(t)  /  0),  (12) 

by  which  we  mean  the  expected  value  of  x(t)x(t  +  t) ,  given  that  x(t)  is  not  zero.   Depending 
upon  t,  the  product  can  still  vanish  because  the  second  factor  may  be  zero,  but  in  general 

Cx(x)  =P0NY(x).  (13) 

2 
Because  y(0)    is  A  ,  we  can  normalize  (13)  by  the  variance  of  the  process  and  deal  with  the 

normalized  conditional  autocorrelation  function,  C: 

C  (x)/o2  =  C  (t)/P   A2  =  Y(x)/A2  =  G(t).  (14) 

x  x     ON 


To  express  G(t)  explicitly,  it  is  necessary  to  introduce  the  additional  conditional 
probability  function,  P(8).   This  function  represents  the  distribution  of  probability  that  a 
event  starts  at  time  6  after  the  cessation  of  a  given  event,  whether  or  not  one  or  more 
intervening  events.   Specifically, 

fan  event  starts  at  time  (6,6+de)i  =  p(e)de>  (15) 

(after  a  given  event  ceases      f 

This  function  can  be  defined  by  the  recursion: 

f (0) ,  9  <  T 


P(6) 


/: 


)-T 

f (x)P(6  -  T  -  x)dx,    6  >  T 
0 


(16) 


Recall  that  f(6)  represents  the  probability  distribution  function  for  the  beginning  of  the  n 
event  after  the  one  whose  cessation  marks  the  origin  of  relative  time,  6.   The  integral  in  ( 
can  be  evaluated  for  2T  >  8  ^  T  by  using  f  for  P  in  accordance  with  (16),  and  extended  by 
recursively  applying  the  same  algorithm.   Note  that  no  closure  condition  applies  to  the 
conditional  distribution  P.   It  does  apply  to  f,  however,  which  means  that  the  asymptotic 
solution  to  (16)  is  a  constant.   P  must  become  independent  of  the  time  origin  for  large  6 
and  indeed  should  approach  the  mean  rate  of  occurrence,  v  (Eq.  11): 

lira  P(8)  =  v.  (17) 

e  ->  oo 

The  function  P  will  obviously  be  complicated  if  written  explicitly,  but  its  use  symbolically 
allows  compact  notation  for  the  correlation  function  G. 

To  express  G  explicitly,  we  can  imagine  examining  the  statistics  of  the  product  x(t)x(t 
formed  from  a  large  sample  of  such,  all  satisfying  the  stipulation  that  x(t)  ^  0.   This  is 
equivalent  to  placing  a  relative  time  origin  somewhere  within  the  period  of  one  event  with 
uniform  probability,  noting  the  value  of  x  at  that  point,  and  forming  its  product  with  the 
expected  value  of  x  at  a  time  t  later.   This  conceptual  artifice  allows  us  to  write  the 
following  expressions  by  inspection: 
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r^  -  r  $  ♦  r%  -  r  r 

J    0  Jt/2-t    l       Jt/21         Jt-t  J  0 


"Tp(6)d0^  (18) 


•T/2    rt+T-T  ,.  /-T        /-t  +  T-T 

T/2    <    x    <    T:      G(i)    =  P(e)d0Hl_  P(6)d"dt 


^  +  P(0)d6  HI.     f  J 

JO  J  T-iJ  0  J  T/2jmax(0,t  + 

f       f 

J3T/2-J  JC 


T-3T/2)  T 


t+x-3T/2 

p(e)de  HJ.  (i9) 

0  L 


/•T/2  /-t+T-T  y-T       /-t  +  T-3T/2 

I  p(e)de  ~  +  1        I  p(e)de 

J0       Jmax(0,t+T-3T/2)  A/2  Jmax(0,t+T-2T) 

/•T/2         /*t  +  x-3T/2  n       /-t  +  T-T 

I         p(6)de  ^  -  /        /  p(e)de 

J3T/2-T  JO  Jt/2  J t  +  T-3T/2 


T 


(20) 


T/2/*t  +  T-T  /T       /*t  +  T-3T/2 

3T/2    ::    t    <_   2T:      G(t)    =  P(6)d8        \  +  \  P(0)d6  — 


/-T/2/*t  +  T-T  /T       rt  +  T-3T/2 

I  /  P(fi)d6  ~  +     I  I  P(6)d6 

-/O      -/t+r-3T/2  Jr/2  Jt+T-2T 

J*T/2/-t  +  T-3T/2  /*T       r  t+T-T 

I  P(6)dfi  HI  _f  I  P(6)d6  HI  (2l) 

0      Jmax(0,t  +  T-2T)  ./T/2  Jt  +  T-3T/2 


2T    <    t: 


/•T/2  /-t+T-T  /*T        /*t  +  T-3T/2 

G(t)    =    /  /  P(6)d6  HI  +    /  /  P(6)d6  HI 

JO       Jt+T-3T/2  Jt/2  Jt  +  T-2T 

/•T/2  /*t+T-3T/2  /-T       /-t+T-T 

-     /       /      P(e)de  HI  -  /       /       p(e)de  HI  .  (22) 

^0   Jt+T-2T   '     JT/2  Jt+T-3T/2 


These  expressions  can  be  simplified  somewhat,  but  first  note  that  by  integrating  (6) 
twice  by  parts  and  using  (14),  we  have,  for  a  suitably  continuous  and  dif f erentiable  G(t): 


(•raTS  (n) 


r 

Jo 


=   -G'(0)  -  I  cos(2TrnT)G"(T)dT  (23) 


v2 

where  the  number  of  prime  signs  indicates  the  number  of  differentiations  with  respect  to  the 
argument . 


Power  Spectral  Density 

Integration  by  parts  and  simplification  before  differentiating  helps  in  deriving  the 
second  derivative  form  needed  for  evaluating  (23).   Note  from  (22),  however,  that  G(t) 
vanishes  for  large  t  if  P  becomes  constant,  and  G"(t)  must  also  vanish.   Performing  the 
indicated  operations  gives  the  piecewise  continuous  functionals  G'  and  G" : 
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0  <  t  <  T/2:       G'(t)  =  -3/T  -  /  P(6)d9/T  (24) 

Jo 

/-t-T/2         rx 
T/2  <  x  <  T:       G'(t)  =  1/T  +  (3/T)/      P(0)d6  -  /      P(6)d0/T  (25) 

JO  Jt-T/2 

\  r_T/2        fT_T        i 

T  <  t  <  3T/2:      G'(t)  =  (3/T) j  J      P(6)d6  -I     P(6)d6> 


2T  <  t: 


T/2    <    t 

<   T: 

T     <     T     < 

3T/2: 

3T/2    <    • 

c    <    2T 

/,: 


P(6)d6/T  (26) 

T/2 


3T/2  <  t  <  2T:     G* (t)  =  (3/T) 


j  I    p(e)de  -  I     p(e)de[ 

U   x-T  J   T-3T/2       ) 

i    A-3T/2  /"t  ) 

+  (1/T)j  I       P(6)d6  -  {      P(0)de>  (27) 

(J  0  ^  t-T/2       J 

\   A-3T/2  rx  ) 

g'(t)  =  (l/T) J  I     P(9)de  -  I    p(e)de[ 

(  J  t-T/2  J   t-T/2       J 

,  /*T-T/2  /-t-T         ) 

+  (3/T))|     P(6)d6  -         P(6)de[  (28) 

\J  t-T  J   T-3T/2       J 


0  <  x  .  T/2:       G"(t)  =  -P(t)/T  (29) 

G"(t)  =  -P(t)/T  +  (4/T)P(t  -  T/2)  (30) 

G"(t)  =  -P(t)/T  +  (4/T)P(t  -  T/2)  -  (6/T)P(t  -  T)            (31) 

G"(t)  =  -P(t)/T  +  (4/T)P(t  -  T/2) 

-  (6/T)P(t  -  T)  +  (4/T)P(t  -  3T/2)  (32) 

2T  <  t:            G"(t)  =  -P(t)/T  +  (4/T)P(t  -  T/2)  -  (6/T)P(t  -  T) 

+  (4/T)P(t  -  3T/2)  -  (1/T)P(t  -  2T) .  (33) 

Now  because  G'(t)  is  discontinuous,  the  simple  form  of  (23)  cannot  be  used  directly.   It 
is  necessary  instead  to  evaluate  the  contributions  of  each  of  the  discontinuous  segments  due  1 
the  differences  in  the  value  of  G'  as  approached  from  opposite  directions  at  each  matching 
point . 

The  appearance  of  the  functions  of  shifted  arguments  in  each  of  the  above  expressions 
coincides  with  the  breaks  in  applicability  of  the  expressions,  leading  to  a  particularly  simp. 
form  (using  circular  frequency  w  for  2Trn)  for  the  contribution  of  G"  to  the  power  spectrum: 


cos(wx)G"(T)dT  =  I 
JO  J  ( 


cos(wx)G"(T)dT  =    P(T)r(x)dx/T.  (34) 

0 
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Here 

r(T)  =  cos(u)T)-Acos(a)T  +  u)T/2)+6cos(u)T  +  u)T)-4cos(wT  +  3ojT/2)+cos(a).  +  2u)T)  ,        (35) 
which  can  be  shown  to  be 

r(i)  =  16sin  (ojT/4)cos(wt  +  ojT)  .  (36) 

The  contributions  to  (23)  of  the  discontinuities  of  G'(t)  consist  of  a  sum  of  terms  of  the 
form 

cos(ku>T72)[G^(kT/2)  -  G_^(kT/2)]  (37) 

where  k  =  1,2,3,  or  4  and  the  subscript  sign  implies  the  direction  of  approach  to  the 
discontinuity.   Thus  to  (23)  we  must  add  the  following  sum,  due  to  the  differences  between  the 
|limits  of  (24)  and  (25)  and  (25)  and  (26): 

-(4/T)cos(coT/2)  +  (l/T)cos(d)T). 

Thus  we  have  the  relatively  simple  form  for  the  power  spectrum: 

co2T  S  (n) 

^-y-   =3-4  cos(coT/2)  +  cos(wT) 

4P   A 

ON  , ,   .  4  ,  ojT  „  . 

+  16  sin  (— t-)  |  cos(ooT  +  u)T)P(T)dT 


f 

1  cos 

JO 

i; 


sin  (^j)\l    +  2  \  P(T)cos(coT  +  wT)dT  }.  (38) 

'o 


Uniform  Occurrence  Rate  Probabilities 


The  simple  form  of  (38)  rests  upon  the  hidden  complexity  of  the  ubiquitous  conditional 
probability  function  P(0).   This  function  is  determined  by  the  probability  density  function  for 
the  occurrence  of  the  next  subsequent  event,  f(6),  as  expressed  in  (16).   To  express  f(G)  and 
P(8)  analytically,  we  invoke  this  assumption: 

Given  the  condition  that  an  event  is  not  ongoing,  the  probability 
that  an  event  begins  in  the  next  differential  element  of  time,  dt, 
is  ydt,  where  u  is  constant. 

This  assumption  is  very  widely  used  in  the  mathematical  analysis  of  queueing  processes  (Saaty 
1959)  and,  in  the  limit  of  zero  event  duration,  leads  to  a  Poisson  distribution  for  the  number 
of  events  in  a  finite  time. 

Using  this  assumption,  one  readily  can  show  that  the  probability  density  f(6)  for  the 
occurrence  of  the  next  subsequent  event  is 

f(8)  =  uexp(-y6).  (39) 
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The  mean  time  lapse  between  events  (eq.  4)  is  thus  1/y,  and  the  longterm  probability  that  an 
event  is  ongoing  at  any  arbitrary  time  (eq.  10)  is 

P0N  =  PT/(1  +  UT)"  (40) 

Thus  the  longterm  mean  rate  of  occurrence  of  events  (eq.  11)  is 

v  =  y/(l  +  yT).  (41) 

By  introducing  (39)  into  (16)  and  carrying  out  the  indicated  operations,  one  finds 

P(0  <  6  <  T)    =  yexp(-yO)  (42) 

P(T  <  0  <  2T)   =  yexp(-y0)  +  y~ (0-T) exp (-y (9-T) )  (43) 
P(2T  <  6  <  3T)  =  yexp(-y9)  +  y2 (0-T)exp(-y (6-T) ) 

+  (y3(0-2T)/2)exp(-y(0-2T)).  (44) 

The  apparent  generalization  of  this  sequence, 

[e/T] 

P(6)  =  y£  ((y(e-kT))K/k!)exp(-y(0-kT)),  (45) 

k=0 

can  be  proved  by  induction  using  eq.  (16).   This  form  can  be  thought  of  as  a  generalization  of 
the  Poisson  process  wherein  P(8)  =  y  everywhere.   Indeed,  when  the  events  have  vanishing 
duration,  we  retrieve  the  obvious  result 

lim  P(6)  =  y.  (46) 

T+0 

The  limit  of  (45)  as  6  increases  without  bound  is  already  known  by  prior 
reasoning  (eq.  17)  to  be 

lim  P(6)  =  v  =  (1  -  P   )y  =  y/(l  +  yT) ,  (47) 

6+00 

but  it  is  difficult  to  derive  this  analytically.   Straightforward  numerical  evaluation  of  (45) 
however,  confirms  that  this  limit  obtains.   Figure  A-l  is  a  graph  of  P (6) /y-vs-8/T  for  various 
values  of  P    (hence  yT) ,  plotted  by  evaluating  (45)  directly.   For  values  of  P   of  0.6  or 
less,  the  limit  of  (47)  is  achieved  within  a  few  periods,  while  for  P   =  0.8,  the  function 
P(0)  is  still  oscillating  substantially  about  the  limit  after  four  periods.   This  behavior  is 
intuitively  appealing;  as  the  events  grow  more  rare  in  occurrence,  the  probability  of 
occurrence  becomes  less  dependent  upon  the  time  of  occurrence  of  any  given  event.   But  if  the 
probability  that  an  event  is  ongoing  approaches  unity,  they  occur  with  near  certainty  one  afte 
the  other  and  the  function  P(6)  must  degenerate  toward  a  sequence  of  equally-spaced  delta 
functions.   Figure  A-l  exhibits  the  near-constancy  of  P(0)  for  P   =  0.2  and  the  approaching 
onset  of  the  latter  pathology  at  P   =  0.8. 
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Figure   A- 1 .--Probability    density    for 
event   occurrence   following   termina- 
tion   of  a    given   event.       The   asymp- 
tote   for  each    curve   is   1-p      ,    since 

ON 

the   plotted    variable ,    P(0)/]>,    is 
normalized  by    the   mean   occurrence 
rate    (Equation    45) . 
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One  may  further  note  that  each  term  in  the  sum  of  eq.  (45)  is  the  probability  of  observing 
exactly  k  events  in  the  total  event-occurrence  time  span  9-kT  when  the  events  occur  at  random 
with  constant  mean  rate  u;  i.e.,  the  number  of  events,  k,  is  Poisson  distributed   with  mean 
y(e-kT). 


Evaluation  of  Power  Spectra 


Using  eq.  (45)  in  the  integral  in  eq.  (38)  gives  the  power  spectral  density  of  the  process 
described.   To  obtain  a  closed  form  expression,  we  must  evaluate  the  integral  I: 


^     f(n+l)T 
P(T)cos(u)T  +  u>T)dT  ■■      2_,  I       P(nT<T<(n+l)T)cos(ojT  +  ouT)dT 
0  n=0  JnT 


I  P(T)cos(u)T  +  u>T)dT  =  £  I 
Jo  n=0  J 

-  E  £  I 

n=0  k=0  J 


n   f(n+l)T  (     .      ,  ,.k 

liiMT"i     cos(coT+ajT)exp(-u(T-kT))dT 


(48) 


(49) 


in  which  the  circular  frequency  to  =  27rn  is  used.  Changing  the  integration  variable  to 
u(t  -  kT)  =  x  and  interchanging  the  order  of  the  two  sums  eliminates  one  summation  and 
simplifies  the  result  to 


oo       -,oo 

=  X/  "J7T  I  x  cos((k  +  ])wT  +  0Jx/u)exp(-x)dx, 

k=ok-  Jo 


(50) 


*An  alternative  derivation  of  (45)  can  be  based  on  this  fact,  using  the  recursion  (16)  to 
evolve  the  probability  P  (0)  that  an  event  starts  at  6,6+d6  given  the  occurrence  of  n 
intervening  events.    Analyst  Fred  Bratten  (USDA  Forest  Service,  PSW-Riverside)  commended  this 
approach  to  the  author. 
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Expressing  the  cosine  in  imaginary  exponent  form  and  interchanging  the  order  of  summation  and 
integration  gives  the  form 

.CO 

I    =  -A    exp(-x)  [exp(i(coT   +    cox/u)    +   x    exp(icuT)) 

Jo 

+  exp(-i(wT  +  tox/u)  +  x  exp(-icoT) )  ]  dx  (51) 

where  i  is  the  unit  imaginary. 

In  (51)  each  term  is  absolutely  convergent,  and  the  results  are  simple  complex  fractions 

I  =  -  ~[(l    -    (1  -  iw/u)exp(-iwT))_1  +  (1  -  (1  +  iw/u)exp(icoT))_1].  (52) 

Combining  terms  and  simplifying  gives  the  compact  result 


j    =   _    1  -  cos(ioT)  +  (aVy)sin(a>T) 

2(l-cos(u)T)  +  (a)/y)sin(a)T))  +  (<i)/u) 

Since  the  factor  in  (38)  involves  1+21,  the  result  is  even  simpler  due  to  cancellation  of 
terms,  leaving,  finally 

S  (n)  32  sin4(^J) 

(54) 


2  9  2  coT   2  ' 

PQNA  T    (cuT  +  yTsin(coT))   +  (2yTsin  (— )  ) 


The  limiting  forms  of  (54)  have  the  correct  behavior,  as  can  be  verified  by  direct 
computation.   When  the  events  become  exceedingly  rare,  the  autocorrelation  function  has  a 
nonzero  value  only  over  the  period  of  a  single  event,  leading  to 

S  (n)    2  sin4(^) 

lim    X  ?      =   f~.  (55) 

uT+0  PqnA  T     (coT/4) 

When  the  opposite  condition  obtains,  so  the  square  wave  becomes  a  continuous  steady  signal,  th« 
power  spectrum  must  degenerate  to  series  of  delta  functions  at  odd  multiples  of  the  period  T. 
The  form  of  (54)  does  so  in  that 

..     Sx(n)      2      2,0,1, 

lim —  =  -tan  (-7-),  (56) 

mT^oc  pqnazt   (uT)Z 

which  vanishes  everywhere  except  for  being  indeterminate  at  n=co/2TT=(2M+l) /T,  where  M  is  an 
integer. 


The  power  spectral  density  as  expressed  by  (54)  is  graphed  in  the  text  for  various  values 

of  the  parameter  pT ,  expressed  in  terms  of  P„  .   These  figures  il'ustrate  that  the  shape  of 

ON 

the  spectrum  is  quite  insensitive  to  the  value  of  P ,,  unless  P^   >  0.8.   This  is  consistent 

ON         ON 

with  the  generally  benign  behavior  of  the  probability  function  P(6)  for  P    <  0.8.   Tn  other 

words,  most  of  the  variation  of  S  (n)  with  frequency  is  contained  in  the  dependence  on  wT 

x  2 

expressed  by  the  limiting  form  for  P^.,^0  unless  P„„  >  0.8.   The  amplitude  factor  P^  A"T 
r  ON  ON  ON 

and  the  frequency  at  which  the  first  maximum  of  (55)  occurs  (nT  =  0.742)  suffice  to  determine 

the  greatest  part  of  the  whole  spectrum  for  modest  values  of  P   .   This  fact  affords 

ON 

considerable  simplification  in  the  application  of  the  derived  power  spectrum  intended  here. 
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Equations  are  presented  by  which  to  calculate 
particle  lofting  height  from  wind-driven  line  fire 
Variables  used  are  the  fuel  type,  described  as  one 
models  used  for  fire  behavior  prediction,  the  fire 
windspeed  at  10  m  height.  Using  the  maximum  parti 
downwind  drift  of  the  firebrand  particle  during  lo 
fire  distance  are  calculable  from  equations  presen 
elsewhere.  The  model  upon  which  the  equations  are 
particle  is  transported  upward  by  a  two-dimensiona 
thermals  are  assumed  to  be  generated  by  variations 
time.  Both  assumptions  are  speculative  and  probab 
test,  so  the  model  is  considered  tentative.  Field 
predictions  will  reveal  whether  or  not  it  provides 
spot  fire  distance. 
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The  Intermountain  Station,  headquartered  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with  providing  scientific  knowledge  to  help  resource 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems. 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  231  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 
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State  University) 
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University) 
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Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young 
University) 

Reno,  Nevada  (in  cooperation  with  the  University 
of  Nevada) 
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RESEARCH  SUMMARY 

This  report  describes  a  conceptual  model  that  provides 
a  framework  for  the  components  of  fireline  production. 
Other  conceptual  or  operational  fire-related  models  may 
be  linked  with  this  production  model.  Major  components 
and  relationships  are  diagramed. 

Fireline  production  is  a  component  of  the  broader  fire 
suppression  process.  The  production  of  fireline  has  been 
defined  by  four  phases:  management  phase,  theoretical 
phase,  application  phase,  and  evaluation  phase.  The 
model  provides  a  basis  for  standardizing  components, 
which  helps  insure  future  compatibility.  This  conceptual 
approach  enables  managers  to  tailor  production  outputs 
to  a  specific  site  and  situation.  Application  of  the  model 
should  improve  planning  and  fire  management. 


The  use  of  trade,  firm,  or  corporation  names  in  this 
publication  is  for  the  information  and  convenience  of 
the  reader.  Such  use  does  not  constitute  an  official 
endorsement  or  approval  by  the  U.S.  Department  of 
Agriculture  of  any  product  or  service  to  the  exclusion 
of  others  that  may  be  suitable. 
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Richard  J.  Barney 


INTRODUCTION 

Fire  suppression  capabilities  and  rates  of  production  have 
long  been  of  interest  to  firefighters  and  fire  managers.  The 
need  for  and  use  of  fireline  production  information  has  been 
well  documented  in  agency  manuals  and  planning  procedures. 
Fireline  production  information  answers  questions  like  the 
following: 

1.  What  are  the  production  rates  and  capabilities  of  crews 
and  mechanical  equipment  for  producing  effective  fireline 
under  various  environmental  and  site  conditions? 

2.  How  many  firefighters  or  how  much  equipment  is  needed 
to  contain  or  suppress  a  specific  fire? 

3.  How  wide  must  the  fireline  be  to  hold? 

4.  How  does  the  width  of  fireline  vary  with  changes  in  fuel, 
weather,  and  other  site  factors? 

5.  What  are  the  optimum  combinations  of  people  and  equip- 
ment such  as  tools,  dozers,  and  tankers  to  develop  the  best 
production  rate? 

6.  How  do  we  obtain  production  rates  for  combinations  of 
line-building  methods? 

Such  information  is  necessary  to  determine  the  personnel  and 
equipment  required  to  accomplish  a  given  job,  and  to  obtain 
the  most  return  for  each  dollar  spent  on  fire  suppression  ef- 
forts. Cost  information,  including  resource  costs  on  fires,  by 
its  very  nature,  is  linked  heavily  to  production  information. 

Historically,  fireline  production  information  has  considered 
only  a  limited  number  of  input  variables.  Essentially,  produc- 
tion rates  considered  only  crew  size,  training,  or  experience 
level  and  a  broad  fuel  classification.  Fuel  classification  was  fur- 
ther broken  down  into  rate-of-spread  and  resistance-to-control 
categories.  Resistance  to  control  provided  a  measure  of  how 
much  fuel  had  to  be  removed  and  often  reflected  the  amount 
of  crosscut  saw  work  that  was  necessary,  or  some  other  meas- 
ure of  line  construction  difficulty.  Each  regional  set  of 
resistance-to-control  guides  was  developed  based  on  individual 
experience,  rather  than  from  an  in-depth  objective  study.  Such 
experience-based  information  was  and  still  is  a  very  important 
source  of  data.  The  classification  schemes  often  used  relative 
values  ranging  from  a  "low"  to  an  "extreme"  category.  Some- 
times a  term  like  "medium"  was  defined,  but  usually  not  in 
quantitative  terms. 

The  same  general  scheme  was  used  to  rate  and  classify  fire 
rate  of  spread.  The  subjective  rating  usually  ranged  from  low 
to  extreme.  Again,  categories  were  ill-defined  in  quantitative 
terms.  The  most  popular  method  to  rate  fuels  was  through  pic- 
tures or  narrative  descriptions.  When  a  different  fuel  type  was 
encountered,  it  would  be  given  a  rating  such  as  H-M  (high  rate- 
of-spread  potential — medium  resistance  to  control).  Most  of  the 
production  information  has  been  expressed  in  these  types  of 
terms,  even  in  some  of  the  more  recent  studies. 


PAST  AND  CURRENT  WORK 

Fireline  production  information  has  been  gathered  since  the 
turn  of  the  century.  In  the  mid-1930's,  a  considerable  amount 
of  information  was  developed.  This  may  have  been  partly  due 
to  the  formal  beginning  of  fire  research,  as  well  as  the  need  for 
better  data  to  support  "new"  Forest  Service  policies.  Hornby 
(1936)  listed  the  most  important  factors  that  influenced  rate  of 
construction  of  fireline  per  man-hour: 

1 .  Fuel  resistance  to  control 

2.  Method  of  attack 

3.  Kinds  of  tools,  equipment,  and  food  provided 

4.  Efficiency  of  directing  officers 

5.  Training  and  experience  of  firefighters 

6.  Physical  and  mental  abilities  of  firefighters 

7.  Size  of  crew 

8.  Size  of  fire 

9.  Aggressiveness  and  heat  of  fire 

10.  Prevailing  atmospheric  temperature 

11.  Fatigue 

12.  Darkness 

These  items  seem  appropriate  today,  with  some  slight  modifi- 
cation of  terms  to  fit  current  systems  of  operation  and  available 
research  data.  Work  of  A  bell  (1937),  Buck  (1938),  and  Hanson 
(1941)  provides  additional  regional  input  to  the  fireline  produc- 
tion rate  data  bases.  In  1969,  Storey  summarized  existing  pro- 
ductivity and  line-building  data.  He  felt  there  were  adequate 
hand-crew  data  available,  but  quality  was  questionable. 
Bulldozer  data  were  found  to  be  in  a  similar  condition.  He  felt 
one  shortcoming  of  the  production  data  was  that  they  lacked 
good  information  on  fire  behavior.  In  addition,  the  data  lacked 
applicability  on  a  broader  geographic  basis.  He  felt  a  national 
system  for  rating  fuels  for  fire  rate  of  spread  and  resistance  to 
control  was  urgently  needed. 

In  addition  to  Storey's  summary  work,  several  efforts  have 
been  made  regarding  fireline  production.  These  efforts  range 
from  the  theoretical  efforts  of  McMasters  ( 1963)  to  hand-crew 
studies  of  the  California  Department  of  Forestry  (Weaver 
1976).  Some  of  the  complaints  with  earlier  studies — inadequate 
ties  to  conditional  and  site  variables — are  also  appropriate  for 
these  efforts.  Barney  and  Noste  (1973)  attempted  to  tie  both 
crew  and  machine  production  efforts  to  conditional  and  site 
parameters  in  Alaska,  but  data  collected  were  limited.  In  the 
early  1970's,  Lindquist  ( 1970)  developed  crew  production  data, 
but,  again,  this  work  was  not  tied  to  environmental,  site,  or 
other  factors.  Production  rates  for  various  line  widths  were 
determined,  however.  In  the  middle  and  late  70's,  the  USDA 
Forest  Service  Equipment  Development  Center,  Missoula, 
Mont.  (Ramberg  1974),  carried  out  fireline  production  studies 
in  conjunction  with  their  firefighter  fitness  and  physiological 
research.  Although  they  found  the  same  kind  of  wide  variation 


in  older  study  data,  they  concluded  that  tireline  production 
rates  in  current  guides  are  too  high — 50  to  100  percent — in 
most  cases.  Murphy  and  Quintiiio  (1978)  developed  crew  pro- 
duction rates  that  included  some  details  for  fuels  and  construc- 
tion resistance.  The  most  recent  efforts  in  attempting  to  make 
sense  out  of  production  information  are  by  Haven  and  others 
(1983).  Although  these  efforts  are  not  yet  completed,  they 
essentially  update  the  earlier  work  of  Storey. 

OBJECTIVE 

The  high  value  of  resources  today,  laws,  policies,  and  the 
vast  array  of  more  sophisticated  and  expensive  equipment  dic- 
tate against  use  of  simplistic  systems  and  limited  data  bases. 
Suppression  capabilities  relative  to  production  need  to  be  ex- 
pressed in  terms  that  go  beyond  simply  the  time  required  to 
build  a  fireline  from  point  "A"  to  point  "B".  Management 
decisionmakers  need  more  detailed  information  and  more 
precise  tools.  Suppression  capabilities  need  to  be  expressed  in 
terms  that  lend  themselves  to  more  sophisticated  analysis  and 
application.  Recent  developments  in  fire  models,  fire  danger 
ratings,  and  economic  evaluation  procedures  all  require  more 
improved  information.  Links  should  be  developed  among  vari- 
ous suppression  capabilities,  fire  characteristics  including  site 
and  behavior  factors,  and  situation  parameters  such  as  manage- 
ment objectives,  economic  criteria,  and  impact  assessment. 
Researcn  outputs  must  also  be  compatible  with  operating  and 
planned  data  synthesis  and  analysis  techniques. 

This  paper  is  an  attempt  to  define  the  process  of  fireline  pro- 
duction. A  conceptual  model  is  presented  and  discussed  in  an 
attempt  to  overcome  problems  found  in  earlier  production 
data.  By  providing  a  more  detailed  view  of  the  system,  it  is 
hoped  the  appropriate  data  can  be  provided  in  such  a  manner 
as  to  become  more  universally  understood  and  useful.  A  model 
such  as  presented  here  provides  a  logical  basis  for  linking 
segments  of  the  fire  management  system. 

FIRE  SUPPRESSION  SYSTEM 

A  general  model  of  the  fire  suppression  system  is  shown  in 
figure  1 .  The  process  begins  with  the  detection  or  discovery  of 
an  actual  wildfire  through  either  traditional  detection  and 
reporting  processes  or  by  a  simulation  of  a  fire-start  in  a  gam- 
ing process.  The  first  attack  follows  detection,  assuming  action 
is  to  be  taken.  The  goal  of  the  first  or  initial  attack  is  to  con- 
tain the  fire,  suppress  it,  and  mop  it  Up  until  it  is  declared  out. 
There  are  two  possible  outcomes — success  or  failure.  If  suffi- 
cient force  is  promptly  dispatched  to  the  fire,  reaches  it,  and 
takes  sufficient  action,  the  fire  will  be  contained  and,  eventu- 
ally, put  out. 

During  initial  attack,  fireline  production  is  different  in  many 
respects  from  later  reinforcement  and  sustained  production.  In 
initial  attack,  the  most  active  areas  are  usually  hit  first,  then  the 
less  active  or  nonactive  areas.  The  fire  is  "hot-spotted,"  or 
cooled  down,  then  ringed  with  some  form  of  line.  The  basic 
approach  is  to  contain  the  fire  at  a  rate  faster  than  the  fire  is 
spreading,  so  as  to  surround  and  eventually  control  the  fire.  If 
the  suppression  force  is  successful  during  its  initial  attack 
phase,  the  fire  is  contained,  mopped  up,  and  completely  extin- 
guished. If,  on  the  other  hand,  first  efforts  are  not  sufficient  to 
accomplish  the  goal,  reinforcements  or  additional  time,  or  both 
(wait  for  evening,  fuel  change,  etc.)  will  be  necessary.  Fire 
behavior  is  predicted  and  enough  additional  personnel  and 
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Figure  1.— A  simplified  model  of  fire  suppression  efforts. 


machinery  are  dispatched  to  retard  the  fire  growth  at  a  rate 
faster  than  the  spread  of  the  fire.  Disregarding  other  variables 
such  as  weather,  fuel,  and  site  conditions,  the  larger  the  fire, 
the  more  total  work  effort  is  required  and  the  more  difficult 
the  task  becomes  to  contain  it.  If  sufficient  effort  is  provided 
with  the  first  reinforcements,  success  will  follow.  If  this  level  of 
effort  is  not  adequate,  failure  will  occur.  The  type  of  produc- 
tion usually  found  in  first  reinforcements  is  often  similar  to  the 
"hot-spotting"  found  in  initial  attack.  However,  with  greater 
suppression  resources,  the  tendency  is  toward  more  methodical 
effort. 

When  first  reinforcements  fail,  there  is  a  chance  that  the  fire 
is  or  will  become  an  escaped  fire  and  possibly  a  project -size 
fire.  When  this  happens,  the  situation  must  be  reevaluated,  ad- 
ditional forces  added,  or  effort  of  existing  forces  continued 
under  different  environmental  conditions.  The  general  goal  is 
still  to  build  fireline  at  a  rate  faster  than  the  fire  perimeter  is  in- 
creasing. Modified  use  of  this  concept,  such  as  herding  the  fire 
through  judicious  use  of  fireline  into  an  area  of  flat  ground, 
light  fuels,  rivers,  lakes,  etc.,  is  also  practiced.  Depending  on 
the  success  of  subsequent  events,  followup  may  be  made  and 
continued  until  reinforcements  are  either  no  longer  available, 
economically  inaccessible,  or  not  needed. 

As  a  general  rule,  the  type  of  production  in  fire  suppression 
moves  from  a  quick  assault  action  to  a  slower,  more  methodi- 
cal construction  procedure.  It  is,  therefore,  worth  considering 
two  and  possibly  more  levels  of  fireline  production  rates  by  vir- 
tue of  intent  alone.  Followup  reinforcement  can  be  an  iterative 
process  until  success  or  some  other  cutoff  level  is  reached. 

FIRELINE  DEFINITION 

Fireline,  by  definition,  is  a  manmade  or  natural  barrier  that 
impedes  the  progress  of  a  fire  traveling  through  ground  fuels. 
More  specifically,  it  has  been  defined  as  "that  portion  of  a 
control  line  from  which  flammable  materials  have  been  re- 
moved by  scraping  or  digging  to  the  mineral  soil."  It  is  the 
author's  contention,  however,  that  when  developing  production 
information,  there  are  two  categories  of  fireline:  (1)  fireline 
constructed  to  bare  mineral  soil,  and  (2)  fireline  classed  as 
"other."  This  latter  category  includes  all  processes  and  activ- 
ities that  produce  a  fire-stopping  barrier  without  removing 
materials  to  mineral  soil.  Examples  are  areas  wet  down  with 
water.  Retardant  could  fall  into  this  second  classification  if  the 
fire's  progress  was  stopped,  not  just  retarded.  Burned-out 
strips,  "black  line"  established  without  the  aid  of  water  or 
retardant,  or  a  beaten  line  such  as  created  by  flappers  or  sacks 
could  also  fall  into  this  "other"  fireline. 

For  the  purpose  of  this  paper,  eight  categories  or  compo- 
nents of  fireline  are  defined.  These  can  be  found  in  any  com- 
bination and  are  as  follows: 

1.  Scratch  line  -  hastily  built,  hit-and-miss  line  that  attacks 
hot  spots,  but  stops  forward  progress. 

2.  Wet  line  -  line  made  by  wetting  fuels  ahead  of  the  fire  by 
either  ground  or  aerial  application. 

3.  Black  line  -  previously  burned,  or  burning  a  strip  with  the 
express  purpose  of  stopping  the  fire  versus  reinforcing  other 
types  of  line. 

4.  Retardant  line  -  line  composed  only  of  retardant  and  no 
other  physical  clearing  which  has  been  applied  either  from  the 
air  or  the  ground. 

5.  Mineral  soil  line  -  line  built  to  mineral  soil  by  hand  crews 
or  machines. 


6.  Vegetative  clearing  and  modification  -  the  enhancement  of 
fireline  through  clearing,  removal,  limbing,  or  other  modifica- 
tion to  I  he  cover  by  hand  or  mechanical  processes. 

7.  Natural  barriers     line  made  through  use  of  rivers,  lakes, 
rockslides,  and  other  natural  barriers. 

8.  Cultural  barriers-  line  made  with  roads,  railroads,  power 
line  rights-of-way,  and  other  preexisting  manmade  barriers. 

SUPPRESSION  CAPABILITIES  OR  LINE 
PRODUCTION 

To  date,  most  fireline  production  data  are  based  on  point-to- 
point  construction  only.  There  is  a  wealth  of  qualitative  pro- 
duction interpretation  and  outputs  which  are  ranked  high  to 
low  for  rates  of  construction.  This  approach  may  be  desirable 
from  an  operational  application  standpoint,  but  it  is  difficult,  if 
not  impossible,  to  compare,  pool,  or  analyze  such  data.  Many 
of  the  specific  elements  that  can  cause  changes  or  affect  rates 
of  production  are  considered  in  a  general  sense,  if  at  all. 
Limited  ties,  if  any,  are  made  with  fire  behavior  characteristics, 
with  the  exception  of  spread  rates. 

Producing  fireline  at  a  rate  that  is  fast  enough  to  exceed  the 
fire  growth  rate  is  only  one  of  our  concerns.  We  must  also  con- 
sider economics  and  conditional  and  site  factors  in  the  overall 
model,  not  just  assume  that  the  line  is  adequate  and  will  hold. 
Fireline  production  must  further  be  viewed  in  a  total  system 
context,  covering  everything  from  detection  time  through 
mopup,  and  effects  of  suppression  action  must  be  seen  in  terms 
of  land  management  objectives.  Fireline  production  informa- 
tion should  also  link  with  existing  systems  and  models  as  com- 
pletely as  possible,  such  as  National  Fire-Danger  Rating  System 
(NFDRS),  fire  spread  models,  fuel  models,  etc. 

Considering  the  background  and  evolution,  as  well  as  current 
needs  and  applications  for  fireline  production  information,  a 
revised  approach  to  the  issue  seems  to  be  appropriate.  The 
problem  of  developing  a  fire  suppression  production  model  is 
broad  and  complex.  Such  a  task  demands  consideration  of 
almost  an  infinite  variety  and  combinations  of  items.  In  order 
to  approach  the  task  in  a  manner  that  will  facilitate  discussion, 
it  has  been  segmented.  The  components  are  often  interrelated, 
but  the  segments  outlined  should  help  in  the  discussion  and 
understanding. 

The  process  of  fireline  production  is  illustrated  in  figure  2. 
Four  phases  have  been  delineated — the  management  phase,  the 
theoretical  production  phase,  the  application  phase,  and  the 
evaluation  phase.  Under  the  management  phase,  policy,  man- 
agement goals,  and  objectives  provide  inputs  and  eventual  deci- 
sions to  take  suppression  action,  as  well  as  define  the  types  and 
extent  of  such  action.  Once  a  decision  is  made  to  suppress  the 
fire,  the  theoretical  production  phase  is  implemented.  In  this 
phase,  the  suppression  resource  options  are  reviewed  and 
modified,  as  appropriate,  and  this  theoretical  information  fed 
into  the  application  phase.  The  application  phase  converts  the 
theoretical  production  rates  into  actual  production  projections 
based  on  existing  conditions.  In  the  final  evaluation  phase,  the 
tactics,  along  with  the  adjusted  production  rates,  are  used  to 
determine  costs,  cost-benefits,  or  other  effectiveness  or  evalua- 
tion information.  Also,  this  last  phase  includes  an  evaluation  of 
effects  and  probability  of  success.  Depending  on  the  constraints 
at  the  outset,  the  fire  is  either  suppressed  after  the  first  time 
through,  or  else  sufficient  iterations  through  the  system  are 
made  until  all  conditions  are  satisfied. 


Management  Phase 

Application  of  the  fireline  production  information  can  fit 
into  three  basic  categories:  (1)  wildfire  use,  (2)  prescribed  fire 
use,  and  (3)  use  in  simulation.  Information  can  be  used  to  ad- 
dress needs  in  both  action  (real-time)  situations  and  planning 
through  all  levels  of  resolution  and  time  horizons.  The  manage- 
ment phase  includes  all  legal,  organizational,  and  operational 
constraints  or  guidelines  that  affect  the  situation  under  con- 
sideration. Perhaps  the  most  important  consideration  here  is 
the  management  objectives.  What  is  to  be  done  with  the 
resource  and  the  consequences  of  action  or  nonaction  are  very 
important  considerations.  The  effect  of  the  suppression  action 
itself,  which  is  closely  related  to  fireline  production,  is  today 
often  as  important  as  many  other  considerations  related  to  fire. 
Environmental  concerns  and  consequences  also  play  a  major 
role  in  decision  and  allocation  processes.  This  phase  is  really 
the  key  in  subsequent  action  determination,  including  the  selec- 
tion of  type,  timing,  and  placement  of  one  or  more  fireline 
production  options. 

Theoretical  Production 

The  theoretical  production  phase  encompasses  all  the  fireline 
construction  and  suppression  production  resource  options.  In 
resource  options ,  all  types  of  personnel,  equipment,  and 
material  used  to  produce  fireline  are  considered.  In  this  phase, 
theoretical  rates  are  established.  In  addition,  substitution  possi- 
bilities are  explored  within  or  among  production  categories.  For 
example,  a  TD-24  dozer  might  be  directly  substituted  for  a  D-8 
dozer  similarly  equipped.  One  1,000-gallon  pumper  truck  might 
be  substituted  for  two  500-gallon  pumper  trucks,  etc.  Combina- 
tion operations  can  also  be  developed  using  numerous  com- 
binations of  both  personnel  and  equipment  to  develop  single 
production  rates  from  multiple  inputs.  In  this  phase,  the 
ultimate  output  is  called  a  theoretical  or  potential  output  rate. 
This  rate  is  unencumbered  by  any  factors  that  might  cause  it  to 
change.  Change  in  rate  is  discussed  in  the  next  section. 

Application  Phase 

The  application  phase  is  the  phase  in  which  the  basic 
theoretical  production  rates  are  modified  to  meet  an  array  of 


conditioning  factors.  The  adjusted  production  rates  are  further 
modified  by  ( 1)  the  availability  of  production  resources — if 
limited  quantities  or  no  specific  resources  are  noted,  it  is  not 
reasonable  to  consider  them  in  determining  rates;  (2)  the  tactic, 
or  type  of  attack  and  type  of  line  to  be  constructed,  as  influ- 
enced by  fuel,  fire,  and  topographic  constraints,  is  the  final 
modifier  to  the  system.  The  modified  production  rate  value  put 
out  at  this  point  is  the  value  needed  for  each  specific 
application. 

Evaluation  Phase 

The  manager  can  determine  such  items  as  cost  per  unit,  cost- 
benefit,  probabilities  of  success,  strength  of  force  requirements, 
and  a  myriad  of  other  values.  This  final  phase  has  been  called 
the  evaluation  phase.  The  decision  to  either  go  to  work  on  the 
fire  or  redefine  the  suppression  strategy  is  made  only  after  the 
projected  results  are  compared  with  the  management  objectives 

FIRELINE  PRODUCTION  CONCEPTUAL 
MODEL 

The  general  process  flow  diagram  (fig.  2)  can  be  expanded, 
providing  additional  detail.  This  detailed  expansion  can  be  con- 
sidered a  conceptual  model  for  fireline  production.  Figure  3  il- 
lustrates the  model,  including  the  four  phases  and  major  com- 
ponents. More  detailed  explanation  of  some  components  will  b< 
developed  in  subsequent  paragraphs.  Numbers  in  parentheses 
within  the  diagram  boxes  are  used  to  key  the  item  to  the  text 
explanation. 

Phases  in  this  presentation  of  the  model  are  similar  to  those 
discussed  in  the  previous  section.  The  only  difference  here  is 
that  the  diagram  orientation  has  changed.  In  the  management 
phase,  several  decisions  or  conditions  must  be  met  before  pro- 
ceeding. First,  the  fire  event  begins  the  flow  of  action.  This  fire 
event  can  be  a  wildfire,  a  prescribed  fire,  or  some  form  of 
simulated  fire.  Once  the  decision  to  suppress  has  been  made, 
we  can  proceed  through  the  model.  The  decision  can  even  be 
"I  think  I  want  to  suppress,  but  am  not  sure."  In  any  case,  by 
running  through  the  model,  one  can  assess  the  merit  or  rele- 
vance of  a  variety  of  information,  which  can  contribute  to  the 
ultimate  decision. 
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Figure  2.— General  process  flow  for  fireline  production. 
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Figure  3.— Fireline  production  conceptual  model. 


In  the  theoretical  production  phase,  we  make  first  contact 
with  the  machines,  personnel,  or  other  devices  that  can  be 
brought  to  bear  in  the  construction  of  a  fireline.  In  this  model, 
(1)  heavy  equipment  has  been  defined  to  include  primarily 
dozers  (tracked  equipment  with  push  blades)  of  the  D-7  size 
class  or  larger,  and  (2)  medium  equipment  has  been  defined  to 
include  D-4  through  D-6  size  dozers  and  fire  plows  and  similar 
units.  Water-hauling  and  water-handling  equipment  mounted 
on  its  own  transportation  (truck)  is  characterized  by  tankers, 
skidders,  pumpers,  or  engines  (3).  This  category  includes  equip- 
ment ranging  from  100-gallon  slip-on  tank  and  pump  units  to 
10,000-gallon  units  that  are  designed  to  haul,  pump,  and  dis- 
charge water  through  hoses  and  nozzles.  The  aircraft  category 
(4)  includes  all  models  of  both  fixed-  and  rotary-winged 
(helicopters)  aircraft.  Their  applications  may  be  both  tactical 
and  logistical. 

Personnel  (5)  is  perhaps  one  of  the  most  complex  categories 
of  production  resources.  It  includes  all  configurations  of  per- 
sonnel forces  assembled  to  suppress  fires  in  some  organized 
manner.  Breakdowns  within  this  group  include,  but  are  not 
limited  to,  numbers,  age,  training,  types  of  crew,  and  experi- 
ence. The  possible  combinations  of  utilizing  personnel  are 
large. 

The  final  category  of  production  resources — specialized  tech- 
niques (6) — is,  in  essence,  a  catchall.  This  category  provides  a 
classification  niche  for  anything  not  already  covered.  Produc- 
tion resources  here  are  exemplified  by  the  modified  logging 
equipment,  trenchers,  and  other  equipment  that  does  not  fit 
into  previously  defined  categories.  Explosives,  a  promising  tech- 
nique in  the  Western  States  and  Alaska,  also  fall  into  this 
category. 

The  numbers  of  boxes  representing  production  resources  cer- 
tainly could  be  increased.  The  lists  and  specifications  within 
each  box  could  be  extended.  Grouping  similar  types  of  re- 
sources limits  the  diagram's  complexity. 

As  pointed  out  earlier,  most  of  the  production  resource  op- 
tions have  a  substitute  that  will  produce  a  similar  rate  of  pro- 
duction. In  the  case  of  heavy  and  medium  equipment,  one 
brand  may  be  substituted  for  another  with  similar  specifica- 
tions, resulting  in  the  same  production  potential.  A  helitack 
crew  might  be  substituted  for  a  smokejumper  crew  of  similar 
size,  etc.  The  important  point  is  that  specific  production 
resources  can  be  substituted  for  others  if  a  substitute  resource  is 
available. 

Another  important  option — combining  resources — exists  to 
develop  similar  production  rates.  Essentially,  what  this  means  is 
that  for  a  vast  array  of  equipment,  pumpers,  aircraft,  person- 
nel, and  specialized  techniques,  combinations  can  be  assembled 
to  produce  a  similar  rate  of  production.  For  example,  if  one 
D-8  breaks  down,  it  might  be  replaced  by  a  D-4  and  a  D-6 
tractor,  along  with  a  saw  crew,  to  give  a  comparable  rate  of 
fireline  output.  Again,  many  possible  combinations  will  develop 
a  required  rate  of  production. 

By  using  substitute  possibilities,  combined  options,  or  basic 
production  rates,  we  can  determine  what  an  unencumbered 
production  rate  or  rates  would  be.  An  unencumbered  or  poten- 
tial production  rate  is  essentially  a  theoretical  rate  or  optimum 
condition  rate.  Before  it  can  provide  useful  information  in  an 
application  sense,  it  must  be  tempered  by  a  host  of  modifying 
factors.  These  modifying  factors  are  both  site-  and  situation- 
specific,  which  make  them  directly  related  to  application 
directions. 


The  factors  that  modify  the  theoretical  production  rates  at 
this  point  are  of  both  a  static  and  a  dynamic  nature.  Figure  3 
illustrates  in  the  application  phase  those  specific  items  or  class 
of  items  that  are  felt  to  be  most  important  in  accounting  for 
rate  changes.  In  addition,  these  factors  are  also,  for  the  most 
part,  important  in  linking  with  other  operational  and  concep- 
tual models. 

Fuel  factors  (7)  for  naturally  occurring  biomass  in  the  field 
are  important  not  only  in  respect  to  their  direct  effect  on  fire, 
but  also  in  their  direct  effect  on  rates  of  production.  Specific 
items  such  as  types  of  material,  quantity,  spacing  extent,  and 
environmental  conditions  are  all  important  considerations  in 
modifying  rates  of  production;  for  example,  the  numbers  of 
logs  of  a  certain  size  class  per  unit  of  line  distance  encountered 
affect  the  output  rate.  Other  appropriate  characteristics  specific 
to  fuel  can  similarly  be  considered. 

The  kind  of  material  in  which  the  line  is  being  built  may  also 
play  an  important  role  in  production  modification.  Soil  factors 
(8)  that  can  be  involved  include  soil  types  (sandy,  clay,  loam, 
peat  bog,  etc.).  The  amount,  size,  and  distribution  of  rocks  are 
also  important.  If  the  soil  is  an  organic  type,  the  soil  depth  and 
moisture  condition  can  be  of  critical  importance. 

Site  factors  (9)  include  slope  steepness,  exposure,  and  similar 
physiographical  features  affecting  both  production  and  fire 
behavior.  On  the  other  hand,  environmental  factors  (10)  in- 
clude wind,  temperature,  precipitation,  cover,  and  other  similar 
factors  of  both  long-  and  short-term  that  tend  to  condition  the 
site  and  may  directly  influence  personnel.  Fire  danger  rating  is 
often  used  as  an  integration  of  these  individual  elements. 

Suppression  resources  (11)  and  availability  (17)  are  closely 
related.  The  suppression  resources  used  at  this  level  include 
those  that  might  be  brought  to  bear  on  a  specific  situation. 
This  would  include  types,  sizes,  numbers,  etc.,  or  the  more 
specific  information  of  what  is  actually  within  reach  of  the  sup- 
pression organization.  Availability  and  suitability  of  resources 
ultimately  assist  in  the  determination  of  use.  Availability  can  be 
cast  in  terms  ranging  from  "Is  such  a  resource  available  at 
all?"  to  "Is  the  resource  available  for  use  within  the  specified 
time  frame?" 

How  a  fire  behaves  or  is  projected  to  behave  is,  perhaps,  one 
of  the  most  important  considerations  in  determining  production 
rates.  The  fire  behavior  information  (12)  indicates  the  size  of 
the  job  ahead.  Rate  of  spread  indicates  the  rate  at  which  line 
must  be  produced  to  contain  and  suppress  a  fire.  Flame  length 
and  fireline  intensity  indicate  whether  the  fireline  is  feasible  or 
not,  how  wide  the  line  must  be,  and  how  close  to  the  fire  per- 
sonnel and  equipment  can  be  placed,  if  feasible.  The  amount 
of  mopup  required  and  potential  effects  are  a  function  of  fuel 
characteristics,  residence  time,  and  afterburning.  Therefore,  fire 
behavior  is  a  very  important  modifying  factor  in  production. 

The  length  of  time  personnel  or  equipment  have  been  in 
service  (13)  has  both  positive  and  negative  effects  on  produc- 
tion. In  the  case  of  personnel,  length  of  service  can  improve  ex- 
perience and  efficiency.  Alternately,  if  we  consider  in-service  as 
time  on  a  specific  fire  or  shift,  there  is  a  direct  relationship  to 
fatigue,  mental  attitude,  and  related  conditions  that  affect  pro- 
duction output.  Equipment,  including  operators,  can  be  af- 
fected in  a  very  parallel  way.  The  older  the  equipment  and  the 
longer  it  has  been  used,  the  more  prone  it  is  to  breakdown. 
Therefore,  the  administrative  constraints  of  total  life  as  well  as 
shift  time  of  equipment  can  be  a  tempering  factor  in  output. 
Also,  administrative  and  legal  constraints  on  the  use  of  person- 
nel and  equipment,  maintenance,  safety,  etc.,  impact  output. 


Directly  related  to  the  service  factor  is  time  of  day.  At  night, 
fireline  production  is  much  different  than  during  the  day  (14). 
Heat,  light,  temperature,  visibility,  and  humidity  all  affect  per- 
sonnel, equipment,  fire  behavior,  and  other  factors  in  the  pro- 
duction of  fireline. 

Fuel  and  food  (15) — fuel  for  machines  and  food  for  person- 
nel— are  mandatory  production  considerations.  Short  supply  of 
food  or  unappetizing  food  adversely  affects  personnel  in  the 
same  way  as  bad  fuel  or  no  fuel  influences  equipment 
operations. 

The  type  of  line  (16)  to  be  built  is  an  important  influence  on 
production.  The  requirement  for  line  is  a  function  of  the  man- 
agement objective.  The  kind  of  line  to  be  built  is  determined  by 
a  combination  of  all  factors  just  discussed.  Important  factors 
not  covered  can  be  handled  in  the  "other"  category  (18).  The 
fire  strategy,  planned  or  implemented  tactics,  including  the  tim- 
ing and  type  of  attack  (19),  will  temperas  well  as  be  tempered 
by  all  these  modifying  factors  to  finally  arrive  at  an  adjusted 
production  rate. 

Once  an  adjusted  production  rate  is  available,  the  number  or 
numbers  can  be  used  in  the  evaluation  phase.  It  is  at  this  point 
that  management  information  is  put  into  a  form  for  either  the 
decision  to  go  to  work  or  to  go  back  and  try  a  different  mix  or 
approach  to  satisfy  the  objectives.  The  fireline  rate  productivity 
value  (20)  should,  at  this  point,  be  expressed  in  terms  of  unit  of 
line  per  cost,  or  time  or  resource  saved,  or  any  appropriate  unit 
or  units  that  allow  the  decision  criteria  to  be  evaluated  and 
met. 

SUMMARY 

In  planning,  action,  or  research,  the  utilization  of  the  con- 
ceptual fireline  production  model  as  outlined  in  the  previous 
pages  can  enhance  all  efforts.  First,  the  parts  and  their  relation- 
ships are  defined,  allowing  the  linking  with  other  operating 
models,  such  as  fire  behavior  and  fuel  models,  as  well  as 
simulation  models  under  development  or  yet  to  be  developed. 
Standardization  of  elements  is  also  a  key  to  future  compatibil- 
ity of  components. 

Perhaps  most  important  will  be  the  ability  of  managers  to 
tailor  production  outputs  to  their  specific  conditions.  Develop- 
ment of  functional  relationships  through  application  of  the 
model  will  facilitate  all  forms  of  calculations.  This  system  for 
determining  and  applying  fireline  production  information  will 
improve  planning  and  fire  management  through  a  more  com- 
plete and  common  understanding  of  the  processes  involved. 
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The  Intermountain  Station,  headquartered  in  Ogden,  Utah,  is  one 
of  eight  regional  experiment  stations  charged  with  providing  scientific 
knowledge  to  help  resource  managers  meet  human  needs  and  protect 
forest  and  range  ecosystems. 

The  Intermountain  Station  includes  the  States  of  Montana,  Idaho, 
Utah,  Nevada,  and  western  Wyoming.  About  231  million  acres,  or  85 
percent,  of  the  land  area  in  the  Station  territory  are  classified  as 
forest  and  rangeland.  These  lands  include  grasslands,  deserts, 
shrublands,  alpine  areas,  and  well-stocked  forests.  They  supply  fiber 
for  forest  industries;  minerals  for  energy  and  industrial  development; 
and  water  for  domestic  and  industrial  consumption.  They  also  provide 
recreation  opportunities  for  millions  of  visitors  each  year. 

Field  programs  and  research  work  units  of  the  Station  are  main- 
tained in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana  State  Univer- 
sity) 

Logan,  Utah  (in  cooperation  with  Utah  State  University) 

Missoula,    Montana    (in    cooperation    with    the    University    of 
Montana) 

Moscow,  Idaho  (in  cooperation  with  the  University  of  Idaho) 

Provo,  Utah  (in  cooperation  with  Brigham  Young  University) 

Reno,  Nevada  (in  cooperation  with  the  University  of  Nevada) 
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Management  of  small-diameter  (less  than  9  inches 
diameter  at  breast  height)  timber  has  long  been  a  major 
problem.  Costs  of  operating  conventional  harvesting 
equipment  in  these  stands  have  generally  exceeded  the 
value  of  the  recovered  products.  In  addition,  the  equip- 
ment has  often  irreparably  damaged  residual  trees.  The 
Northern  Rocky  Mountain  area  has  many  thousands  of 
acres  in  need  of  thinning,  and  the  utilization  of  these 
trees  would  enhance  the  area's  present  and  future  timber 
supply. 

This  report  describes  and  discusses  a  harvesting 
system  made  up  of  commercially  available  equipment 
and  modified  farm  tractors  that  has  been  successfully 
used  to  salvage  and  thin  second-growth  ponderosa  pine 
stands.  Commercial  equipment  consisted  of  feller- 
bunchers,  a  skidder,  and  a  chipper.  Farm  tractors  were 
equipped  with  grapples  and  metal  reinforcings  to  adapt 
them  to  forest  use. 

Two  studies  made  in  the  same  general  area  are  de- 
scribed, as  well  as  procedures  for  recovering  multiple 
products.  Hog  fuel,  stud  logs,  saw  logs,  house  logs, 
fenceposts,  and  pulp  chips  were  the  products  evaluated. 
Economic  analyses  indicate  that  if  suitable  markets  are 
available  within  a  reasonable  distance  wood  can  be 
harvested  in  these  small-size  tree  stands  at  a  profit. 


The  use  of  trade,  firm  or  corporation  names  in  this 
publication  is  for  the  information  and  convenience  of 
the  reader.  Such  use  does  not  constitute  an  official 
endorsement  or  approval  by  the  U.S.  Department  of 
Agriculture  of  any  product  or  service  to  the  exclusion 
of  others  which  may  be  suitable. 
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INTRODUCTION 

Two  often-neglected  wood  resources  are  timber  removed  in 
precommerciai  thinnings  and  postharvest  logging  residue,  con- 
sisting of  branches,  tops,  and  broken  pieces. 

The  small  log  resource  is  vast.  In  Idaho  and  Montana,  about 
30  billion  ft'  of  wood  is  in  trees  5.0  to  8.9  inches  (12.7  to 
22.6  cm)  diameter  breast  height  (d.b.h.).  Detailed  data  are 
available  (Troutt  1979)  for  small-diameter  lodgepole  pine  (Finns 
contorta  var.  latifolia  Dougl.)  stands,  which  make  up  the 
largest  part  of  this  resource.  The  information  should  be 
generally  applicable  for  all  species  in  this  size  class,  including 
ponderosa  pine  (Pinus ponderosa  Dougl.  ex  Laws.). 

In  lodgepole  stands,  through  one  rotation,  about  65  percent 
of  the  stems  are  in  excess  of  growing  stock  needs.  Many  of 
these  could  be  removed  as  small  logs.  Removal  would  increase 
the  total  volume  from  any  given  stand  by  as  much  as  30  per- 
cent during  each  rotation.  In  addition,  rotation  length  for 
lodgepole  stands  on  average  sites  could  be  reduced  from  100  to 
about  80  years  if  all  thinnings  were  accomplished  in  a  timely 
manner. 

In  recent  years,  considerable  research  has  been  devoted  to  in- 
ventorying, describing,  and  evaluating  potential  uses  for  post- 
harvest  residue.  About  10,000  acres  (4  050  ha)  in  the  Northern 
Region  of  the  Forest  Service  are  clearcut  annually,  and  many 
tons  of  residue  are  generated  on  each  acre.  Historically,  the 
cost  of  collecting  and  transporting  residue  has  made  its  use 
uneconomical,  and  it  was  burned  on  the  site.  However,  innova- 


tive logging  and  timber  sale  methods  now  are  being  used  to 
concentrate  much  of  the  logging  debris  at  the  roadside. 

Timber  supplies  obviously  would  be  enhanced  if  small- 
diameter  trees  and  logging  residues  were  better  utilized.  Land- 
en*,  ners  would  realize  a  number  of  benefits,  including  ( 1 )  greater 
spacing  and  faster  growth  for  residual  crop  trees,  (2)  removal 
of  insect-infested  trees  and  slash  that  should  reduce  insect 
populations  and  thus  future  tree  mortality,  (3)  improvement  of 
stand  esthetics,  (4)  reduction  of  potential  fire  hazards,  and 
(5)  more  open  stands  that  provide  easier  access  for  future  sal- 
vage, if  necessary,  and  improved  forage  growth  for  livestock 
and  wildlife. 

To  obtain  additional  information  on  utilization  of  small- 
diameter  trees  and  logging  residues,  two  studies  were  made  of 
various  harvesting  systems  applied  in  ponderosa  pine  stands. 
The  studies  were  made  in  the  same  area,  and  many  of  the 
cooperators,  personnel,  and  pieces  of  machinery  were  the  same. 
One  study  (study  1 )  was  made  in  January  1977.  The  second, 
more  detailed  study  (study  2)  began  in  September  1980  and 
lasted  6  months.  Results  of  the  studies  are  discussed  separately 
in  this  report. 

STUDY  AREA  DESCRIPTION 

The  study  area  was  located  on  privately  owned  land  in  the 
Blackfoot  River  valley  about  40  miles  (67  km)  northeast  of 
Missoula,  Mont.  (fig.  1).  The  terrain  is  gently  rolling  with 
slopes  averaging  less  than  10  percent. 


Figure  1.—Map  of  Missoula  vicinity  showing 
the  location  of  the  study  area. 
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The  young  ponderosa  pine  stands  were  established  naturally 
following  logging  between  1885  and  1915.  The  trees  are  about 
80  years  old  and  the  average  d.b.h.  ranges  between  8  and 
10  inches  (20.3  and  25.4  cm).  Most  of  these  second-growth 
stands  are  overstocked,  with  basal  areas  in  excess  of  150  ft2 
(13.94  m2)  per  acre. 

An  outbreak  of  the  mountain  pine  beetle  (Dendroctonus 
ponderosae  Hopk.)  started  in  the  area  about  1972.  Since  that 
time  the  insect  has  attacked  and  killed  a  large  number  of  trees 
of  various  diameters.  The  infested  area,  covering  about  2,000 
acres  (809.4  ha),  contains  numerous  patches  of  dead  trees  rang- 
ing from  1  to  10  acres  (0.4  to  4.05  ha)  in  size. 

Cutting  in  these  stands  has  had  several  objectives:  (1)  to 
remove  and  utilize  the  dead  trees;  (2)  to  remove  green  trees 
considered  to  be  attacked  by  the  insects,  thereby  controlling,  to 
a  certain  extent,  the  insect  population;  and  (3)  to  reduce  the 
basal  area  to  about  90  ft2  (8.3  m2)  or  less  per  acre,  a  more 
satisfactory  level  for  growth  and  prevention  of  insect  attack. 
Other  benefits  included  easier  re-entry  for  salvage  and  harvest- 
ing and  improved  forage  production  for  grazing. 

STUDY  1 

Increasing  demand  for  wood  products,  concurrent  with  de- 
creasing sawtimber  supplies,  is  requiring  the  processing  of 
smaller  trees.  Relatively  high  costs  of  harvesting  small  trees  us- 
ing conveniional  equipment  have  made  operators  hesitant  to 
work  in  such  stands.  The  objective  of  this  study  was  to  develop 
information  on  various  systems  that  might  be  applicable  to 
young,  second-growth  timber.  Two  groups  of  problems — forest 
management  and  harvesting — were  addressed. 

Some  aspects  of  the  forest  management  problem  included: 
sanitation  cutting,  thinning,  postharvest  cleanup,  residual  tree 
response,  and  regeneration.  Some  harvesting  facets  examined 
were:  felling  and  skidding  equipment,  skidding  methods,  log- 
making  site,  and  slash  disposal  method  and  location. 

Equipment  used  in  the  study  consisted  of  gasoline-powered 
chain  saws,  a  Melroe  Bobcat  (Model  1075)  feller  buncher  (fig. 
2),  a  rubber-tired  Allis  Chalmers  farm  tractor  (Model  180) 
equipped  with  a  rear-mounted  homemade  grapple,  a  John 
Deere  rubber-tired  skidder  (Model  540)  equipped  with  chokers 
(fig.  3),  a  Farmhand  tractor  with  a  hydraulic  lift  fork,  and  a 
Morbark  chipper  (Model  22). 


Figure  3.— Farm  tractor  with  homemade  grapple  attached. 


Cutting  Units 

Four  2.5-acre  (1.0-ha)  units  were  used  in  the  study.  The 
detailed  description  of  the  procedure  used  on  each  study  unit  is 
as  follows: 

Unit  1. — On  this  unit  all  trees  over  1  inch  (2.5  cm)  that  showed 
signs  of  insect  attack  were  felled  and  removed  from  the  stand; 
healthy  trees  were  not  cut.  The  feller-buncher  was  used  to  shear 
(fig.  4)  and  group  the  trees  for  skidding.  Trees  too  large  for  the 
shear  were  felled  with  a  powersaw.  Whole  trees  were  grapple 
skidded  to  the  landing  where  they  were  limbed  and  bucked  into 
logs  and  fenceposts.  Posts  were  made  from  those  trees  too 
small  for  stud  logs  and  from  tops  between  6  and  3  inches  (15.2 
and  7.6  cm)  in  diameter.  Saw  logs  were  33  ft  (10.1  m)  long. 
Unusable  tops,  branches,  and  small  unmerchantable  trees  were 
chipped  at  the  landing. 

Unit  2. — This  unit  was  logged  conventionally.  Powersaws  were 
used  to  fell  the  trees,  which  were  choker  skidded.  One  skidder 
was  used.  Again,  whole  trees  were  moved  to  the  landing  where 
limbing  and  bucking  took  place.  As  in  unit  I,  saw  logs,  stud 
logs,  and  fenceposts  were  cut  at  the  landing  and  the  unusable 
tops  and  branches  were  chipped.  The  minimum  d.b.h.  of  the 
felled  trees  was  9  inches  (22.9  cm). 


Figure  2.— Shearing  head  on  the  Melroe  feller-buncher. 


Figure  4.— Sheared  tree  being  lowered  to  the  ground. 


Unit  3.— All  trees  cut  on  this  unit  had  a  minimum  d.b.h.  of 
9  inches  (22.9  cm).  Most  trees  were  sheared  using  the  feller- 
buncher.  Trees  too  large  for  the  shearing  head,  including  25 
green  trees,  were  felled  with  a  powersaw  by  the  machine 
operator.  One  skidder  was  used  full-time,  and  a  second,  oper- 
ated by  a  member  of  the  landing  crew,  was  used  as  needed. 
Entire  trees  were  skidded  by  the  grapple-equipped  farm  tractor 
to  the  landing  where  only  saw  logs  were  cut.  The  minimum  top 
diameter  inside  bark  (d.i.b.)  was  6  inches  (15.2  cm).  The 
residue— branches  and  tops— was  burned  at  the  landing  as  it 
accumulated. 

Unit  4.— This  unit  had  essentially  the  same  utilization  standards 
as  unit  III.  Minimum  d.b.h.  of  the  felled  trees  was  9  inches 
(22.9  cm).  The  trees  on  this  unit  were  felled  with  a  powersaw, 
limbed,  and  bucked  at  the  stump  with  preferred  log  lengths  of 
26.5  ft  (8.1  m)or  17.3  ft  (5.3  m).  The  logging  residue  was  piled 
and  burned  in  the  stand.  The  skidder  with  chokers  was  used  to 
move  the  logs  to  the  landing. 

On  units  I  and  III,  the  feller-buncher  operator  was  the 
primary  skidder  operator,  did  the  powersaw  felling,  and  was 
crew  supervisor.  The  landing  crew  was  made  up  of  three  or 


four  persons.  The  sawyer  did  the  limbing  and  bucking;  the 
other  crewmembers  assisted  with  the  limbing  and  bucking,  did 
the  skidding  and  decking  of  logs  and  fenceposts,  and  moved 
the  residue  to  the  chipner  or  burn  pile.  On  units  II  and  IV,  a 
one-  or  two-man  crew  was  used.  One  man  did  the  powersaw 
felling,  limbing,  and  bucking  with  some  help  cutting  posts  at 
the  landing.  The  other  crewmember  operated  the  skidder. 
The  unit  procedures  are  summarized  in  table  1 . 

Results  and  Discussion 

The  small  size  of  the  study  units,  2.5  acres  ( 1  ha),  precluded 
continuous  operation  of  all  the  machines.  The  feller-buncher 
completely  felled  and  bunched  the  trees  on  one  unit  in  less  than 
6  hours  and  the  work  on  units  I  and  III  required  less  than 
1.5  days.  However,  more  than  2  days  were  needed  to  skid  the 
trees  on  these  units. 

The  tree  felling  data  are  presented  in  table  2.  As  would  be 
expected,  use  of  the  feller-buncher  was  much  faster  than  use  of 
powersaws.  The  smallest  number  of  trees  was  cut  on  unit  III, 
which  also  had  the  greatest  production  rate. 


Table  1.— Summary  of  the  procedures  and  utilization  standards  tor  the  four  study  units 


Unit 

Item 

I 

HI 

III 

IV 

Objective 

Sanitation 
salvage 

Thinning 

Saw  log  removal 

Saw  log  removal 

Prescription 

Cut  all 

Leave  basal 

Cut  all 

Leave  basal 

infested 

area  110  ft2 

infested  trees 

area  110  ft2 

trees 

Thinning 

Precom- 

Commercial 

Commercial 

Commercial 

alternative 

mercial 

Felling 

Shear 

Powersaw 

Shear 

Powersaw 

Limb  and  buck 

Landing 

Landing 

Landing 

Stump 

Skid 

Grapple 

Choker 

Grapple 

Choker 

Residue 

Chip 

Chip 

Burn  at 

Burn  at 

treatment 

landing 

stump 

No.  in  crew 

3 

1.2 

3,4 

1,2 

UTILIZATION 

Size  skidded 

Full  tree 

Full  tree 

Full  tree 

Log  length 

Min.  d.b.h. 

1 "  (2.5  cm) 

9"  (22.9  cm) 

9"  (22.9  cm) 

9"  (22.9  cm) 

Top  d.i.b. 

3"  (7.6  cm) 

3"  (7.6  cm) 

6"  (15.1  cm) 

6"  (15.1  cm) 

Products 

Saw  logs 

Posts 

Chips 

Saw  logs 

Posts 

Chips 

Saw  logs 

Saw  logs 

Table  2.— Tree  felling  production  rates  on  the  four  study  units  using  the  feller- 
buncher  (shear)  and  powersaws 


Unit 


Item 


IV 


Method 
Hours  per  unit 
Hours  per  acre 
Trees  per  hour 


Shear 

4.85 

1.94 


Powersaw 
11.75 
4.70 
38 


Shear 
'2.65 
1.06 

69 


Powersaw 
8.26 
3.30 
40 


'Does  not  include  time  required  to  fell  25  trees  using  the  powersaw. 


The  number  of  trees  taken  from  units  I  and  II  were  345  and 
435,  respectively.  On  unit  III,  207  saw  logs  were  produced.  On 
this  unit,  because  the  skidding  tractor  did  not  have  a  push 
blade,  the  Farmhand  tractor  was  used  part-time  to  deck  the 
logs  and  move  the  residue  into  the  fire.  On  unit  IV,  339  logs 
were  skidded  and  decked  conventionally  at  the  landing. 

The  whole  tree  chipper's  heel-boom  grapple  did  not  efficient- 
ly handle  tops  and  small  stems,  but  the  chipper  was  the  only 
one  available.  The  objective  of  the  chipping  operation  was  to 
determine  chip  volume  and  quality  obtainable  in  this  type  of 
operation.  Production  measures  used  were  lineal  feet  of  input, 
(tops  and  small  trees)  and  weight  of  chip  output.  Chip  produc- 
tion is  shown  in  table  3.  Average  chip  production  for  units  I 
and  II  was  1 1 .9  lineal  feet/minute,  2.6  green  tons/hour,  and 
0.9  dry  unit/hour.  This  production  was  less  than  normal.  In 
other  studies,  a  Morbark  Model  12  and  a  Trelan  Model  DL-18 
had  produced  15  and  13.7  units  (200  ft3  each)/hour,  respectively. 

As  a  result  production  data  for  a  Morbark  Eager  Beaver 
model  were  used  for  cost  analyses.  This  chipper  has  a  lineal 
feed  rate  of  64.5  ft/minute,  far  exceeding  the  actual  production 
rate  of  11.9  ft/minute.  The  operational  cost  of  the  Beaver  chip- 
per was  $173.76/day,  of  which  $50  was  for  the  machine  and 
$123.76  for  labor. 


Personnel  utilization. — The  interchanging  of  positions  by  th( 
crewmembers  on  units  I  and  III  caused  some  minor  timekeep- 
ing problems.  Unaccounted  time  expressed  as  a  percentage  of 
gross  shift  time  is  shown  in  table  4. 

Two  observers,  one  at  the  landing  and  one  in  the  woods, 
were  needed  to  time  the  skidding  on  units  I  and  III.  Unit  III 
required  the  most  supervisory  time. 

Potential  productivity  rates  based  on  the  time  studies  are 
shown  in  table  5.  The  data  show  that  on  units  I,  II,  and  III, 
the  skidding  rate  determines  the  number  of  trees  processed  per 
hour  at  the  landing,  and  on  unit  IV  the  felling  rate  determines 
the  number  of  trees  limbed  and  bucked  per  hour. 

The  average  time  and  standard  deviation  for  the  critical  skid 
ding  variables  are  shown  in  table  6.  These  data  show  the  rela- 
tionship between  turns  per  hour,  pieces  per  turn,  and  pieces  p< 
hour.  Units  I  and  III  had  a  high  number  of  turns  per  hour  an< 
a  low  number  of  pieces  per  turn  due  to  the  speed  and  low 
capacity  of  the  grapple  skidder.  The  opposite  held  for  units  II 
and  IV,  which  had  few  turns  per  hour  but  a  large  number  of 
pieces  skidded  per  turn.  As  expected,  the  volume  skidded  was 
affected  by  the  number  of  pieces  and  the  average  volume  per 
piece.  The  largest  volume  skidded  per  hour  was  on  unit  I; 
unit  II  had  the  smallest  volume  skidded  per  hour. 


Table  3.— Various  measurements  of  chip  production 
for  units  I  and  II 


Sum  or 

Item 

Unit  1 

Unit  II 

average 

Gross  time  (hours) 

11.40 

13.65 

25.05 

Lineal  feet 

9,177 

8,660 

17,837 

Lineal  feet/minute 

13.47 

10.57 

11.87 

Tons 

31.87 

32.14 

65.01 

Tons/hour 

2.80 

2.35 

2.60 

Bone  dry  units 

12.3 

9.7 

22.0 

Bone  dry  units/hour 

1.08 

0.71 

0.88 

Cubic  feet 

938 

1,209 

2,147 

Cubic  feet/hour 

82.28 

88.57 

85.70 

Table  4.— Unaccounted  time  by  unit  as  a  percent  of  shift  time 


Operation 


Unit  I  Unit  II  Unit  III  Unit  IV 


Percent 

Woods 

2 

2 

2 

1 

Skidding 

4 

2 

3 

2 

Landing 

2 

2 

4 

1 

Table  5.— Potential  productivity  rates  based  on  time  studies  of  the  various  logging 
functions  by  study  unit 


Unit 

Function 

I 

II 

III 

IV 

Shear 

Jaw 

Shear 

Saw 

and 

and 

bunch 

bunch 

Felling 

Trees/hour 

1  88 

38 

2  69 

40 

Limb  and  buck 

Trees/hour 

46 

55.7 

30.4 

46.3 

Posts/hour 

68 

71 

- 

— 

Skid 

Distance  (feet) 

874 

1,195 

730 

1,032 

Turns/hour 

11.8 

2.7 

9.5 

2.0 

Pieces/hour 

31.8 

20.3 

21.9 

20.4 

'Includes  46  trees  felled  with  saw. 
'Includes  18  trees  felled  with  saw. 


Table  6.— Average  times  and  standard  deviation,  in  parentheses,  for  the  skidding  variables  on  the 
study  units 


UniS 


Variable 


IV 


Hook 

Unhook 

Travel 

Round  trip  (turn) 

Delay 

Landing 

Turns/hour 

Pieces/turn 

Pieces/hour 

Volume/piece  (ft3)-' 

Volume/hour  (ft3)2 


— 

3.5(1.0) 

9.3  (2.0) 

— 

.9  (0.5) 

— 

.5  (0.2) 

3.8(1.1) 

10.3  (3.0) 

4.5  (2.2) 

15.7  (3.8) 

3.8 

14.7 

4.5 

25.5 

9 

3.5 

1  8 

4.7 

.4 

3  7 

— 

1 

11.8 

27 

9.5 

2.0 

2.7 

7  4 

2.3 

10.3 

31.8 

20.3 

21.9 

204 

18.4 

14.5 

20.1 

21.2 

585.1 

294.3 

440.2 

432.5 

'Landing  time  not  recorded  as  the  log  handling  was  done  with  a  machine  other  than  the  skidding  tractor. 
2Does  not  include  unmerchantable  material  to  chipper. 


Machine  operating  charges.— The  wage  overhead  charges  for 
the  family-type  operations  used  on  units  I  and  IN  were  differ- 
ent from  the  labor  overhead  for  units  II  and  IV.  In  a  family- 
type  operation  many  overhead  charges  are  omitted.  Usual  over- 
head charges,  as  a  percent  of  direct  wages,  are: 

Overhead  charge  Percent 

Holidays  4.5 

Health  and  welfare  4.0 

Industrial  compensation  22.0 

Unemployment  compensation  6.5 

Social  security  7.0 

Pension  5.0 

Vacation  4.0 

Total  53.0 

In  addition,  travel  time  and  transportation,  not  included  in 
this  list,  may  add  20  to  30  percent  more  cost. 

The  farm  tractors  used  in  skidding  and  material  transport  at 
the  landing  on  units  I  and  III  have  low  capital  requirements 


and  a  relatively  long  economic  life  under  normal  farming  con- 
ditions (table  7).  Normal  life  expectancy  exceeds  20  years;  a 
useful  life  of  15  years  was  used  in  the  cost  determination.  (The 
AC  180  tractor  was  18  years  old  and  had  been  used  11  years 
for  seasonal  logging.)  Additional  years  of  logging  would  prob- 
ably shorten  a  machine's  useful  life. 

Comparison  of  the  system  productivities  was  based  on  the 
assumption  that  logging  was  continuous,  although  some 
machines  and  personnel  were  used  only  part-time.  Because  of 
differences  between  units,  a  standard  unit  was  used  to  rate  the 
study  systems. 

The  standard  unit  had: 


Logged  volume/acre 

2,430  ft3 

(10.8  M  bd.ft.) 

Volume/tree 

18.1  ft3 

Trees/acre 

134 

Board  ft/ft3  ratio 

4.45 

Table  7.— Computation  of  hourly  operating  costs  for  the  various  study  machines 


Machine 


Item 


John  Farm- 

Deere  hand 

540C  F10 


Allis 
Chalmers         Melroe 
180  1075 


Powersaw 


Woods         Landing 


Initial  cost       ($) 
Salvage  ($) 

Life 

Hours 

Years 
Average  Annual 
Investment  ($)2 

Depreciation 
Interest      @  15% 
Taxes         @  3% 
Insurance  @  1.5% 

Total  fixed 

Repair  and 

maintenance3 
Fuel4 
Lube5 
Tires 

Subtotal 
Wages  -  direct 
indirect 

Total 
variable 

Total/hour 


48,000 
6,000 

10,500 
7 

9,000 


10,000 
600 

20,000 
15 


21,000 
5,000 

20,000 
15 


913  5,533 

FIXED  COST  PER  HOUR 


46,000 
10,000 

12,000 
10 

11,800 


'1,000 
0 

1,500 
1 

500 


1,000 
0 

1,500 
1 

500 


4.00 

0.47 

0.80 

3.00 

0.67 

0.67 

.90 

.09 

.55 

1.18 

.05 

.05 

.18 

.02 

.11 

.24 

.01 

.01 

.09 

.01 

.06 

.12 

.01 

.01 

5.17 

.059 

1.52 

4.54 

0.74 

0.74 

VARIABLE  COST  PER  HOUR 

3.60 

0.42 

0.72 

2.70 

0.60 

0.60 

2.10 

.93 

1.00 

1.20 

.30 

.30 

1.05 

.46 

.50 

.60 

.15 

.15 

1.00 

.70 
2.51 

1.00 
3.22 

.60 
5.10 

— 

— 

7.75 

1.05 

1.05 

7.83 

6.00 

8.00 

8.00 

12.50 

9.00 

4.07 

3.12 

4.16 

4.16 

6.50 

4.68 

19.65 

11.63 

15.38 

17.26 

20.05 

14.73 

24.82 

12.22 

16.90 

21.80 

20.79 

15.47 

initial  cost  -  salvage  value 


'Includes  spare  saw. 

'Average  annual  investment  - 

2  x  number  of  operating  hours 

3Repair  and  maintenance  =  90  percent  of  depreciation. 

4Fuel  is  based  on  $1  per  gallon. 

5 Lube  =  50  percent  of  fuel. 


+  residual  value. 


Production  comparisons  between  the  standard  and  study 
units  were  made  on  an  hourly  basis,  thinning  on  a  per-acre 
basis,  and  log  production  on  the  number  of  pieces  handled  or 
volume  produced  per  hour.  Comparisons  of  production  time 
per  acre  and  per  hour  are  shown  in  table  8.  Unit  ill  required 
the  greatest  number  of  hours  per  acre,  probably  because  a  trac- 
tor was  underutilized.  The  other  unit  systems  were  very  similar 
in  hours  per  acre  required.  Unit  IV  had  no  landing  time  be- 
cause logs  were  cut  at  the  stumps  and  only  decked  at  the  landing. 


Product  recovery. — Sanitation-salvage  cutting  removed  60 
percent  of  the  volume  on  unit  III,  75  percent  on  unit  I,  and  77 
percent  of  the  volume  on  unit  II  (table  9).  The  commercial 
thinning,  unit  IV,  removed  71.6  percent  of  the  stand.  All 
insect-infested  trees  were  removed  from  unit  I,  only  commercial 
sized  trees  were  taken  from  unit  III,  and  units  II  and  IV  were 
thinned  to  1 10  ft2  basal  area.  Logging  residue  was  the  cubic 
volume  of  material  left  on  the  area  after  the  trees  or  logs  had 
been  skidded  to  the  landing. 


Table  8.— Production  comparisons  of  man-machine  hours  per  piece  and  per  acre 


Operation 

Systems 

1 

II 

III 

IV 

Felling 

trees/h 

88 

38 

69 

40 

hours/acre 

1.52 

3.53 

1.94 

3.35 

Limb  and  buck 

trees/h 

'46.0 

'55.7 

30.4 

46.3 

hours/acre 

'2.91 

'2.41 

4.41 

2.89 

posts/h 

68 

71 

— 

— 

hours/acre 

2.03 

2.45 

— 

— 

Skid 

pieces/h 

31.8 

20.3 

21.9 

20.4 

hours/acre 

4.21 

6.60 

6.12 

6.57 

Landing 

pieces/h 

34.7 

95.2 

11.9 

NA 

hours/acre 

3.86 

1.41 

11.26 

NA 

Total 

hours/acre 

'12.50 

'13.95 

23.73 

12.81 

'Does  not  include  post-making  operation. 


Table  9.— Stand  and  treatment  volumes  on  a  per-acre  basis  for  each  of  the  study  units 


Unit 

Item 

i 

II 

ill 

IV 

FP 

Percent 

FP 

Percent 

FP 

Percent 

FP 

Percent 

Initial  volume 

3,378 

100.0 

3,272 

100.0 

2,779 

100.0 

3,703 

100.0 

Removed 

2,540 

75.2 

2,519 

77.0 

1,668 

60.0 

2,650 

71.6 

Residual  volume 

672 

19.9 

384 

11.7 

985 

35.5 

703 

19.0 

Logging  residue' 

167 

4.9 

369 

11.3 

126 

4.5 

350 

9.4 

'Logging  residues  1  inch  (2.5  cm)  or  larger  in  diameter 


Products  obtained  from  the  stands  were  classified  as  follows: 

1.  SAW  LOG  pieces  with  at  least  11.5  inches  (29.2  cm)  top 
diameter  and  12  ft  (3.7  m)  long 

2.  STUD  LOG  pieces  5.5  to  1 1.5  inches  (14.0  to  29.2  cm) 
top  diameter  and  8  ft  (2.4  m)  long 

3.  HOUSE  LOG  pieces  7.0  inches  (17.8  cm)  top  diameter 
and  any  length  over  12  ft  (3.7  m). 

To  evaluate  lumber  and  chip  recovery,  the  saw  logs  from 
units  1  and  III  and  units  II  and  IV  were  combined.  These  logs 


were  processed  into  ties,  studs,  and  2  x  3's.  Lumber,  tie,  and 
chip  recovery  is  shown  in  table  10.  An  estimated  8  percent  of 
the  green  lumber  recovery  would  be  trimmed  and  lost  because 
of  checks  and  splits  in  the  logs  and  lumber. 

House  log  use  was  evaluated  using  a  two-truckload  sample  of 
dead  ponderosa  pine  logs  obtained  from  a  similar  area  adjacent 
to  the  study  units.  The  sample  was  processed  at  a  sawmill  that 
had  produced  materials  for  a  log  home  manufacturer 
(table  11). 


Table  10.— Lumber  and  chip  recovery  obtained  from  two  groups' 
of  study  unit  logs 


Group  1 

Group  2 

Item 

saw  logs' 

saw  logs' 

Number  of  logs 

473 

446 

Total  log  scale  volume  (bd.ft.) 

31,665 

24,297 

Average  log  scale  volume 

(bd.ft.) 

67 

54 

Recovery 

Ties  (bd.ft.) 

7,586 

2,990 

Rough  green  lumber  (bd.ft.) 

25,038 

26,410 

Total 

32,624 

29,400 

Lumber  trim  loss  (8%) 

2,003 

2,113 

Rough  dry  lumber  (bd.ft.) 

23,035 

24,297 

Chip  volume  (bone  dry  unit) 

17.0 

12.6 

Ratio  BDU/M  bd.ft. 

0.52 

0.52 

'Group  saw  logs  were  from  units  I  and 
units  II  and  IV. 


group  2  saw  logs  were  from 


Table  11.— House  log  sample  and  recovery  of  products  used  in  log  home  manufacture 


Item 

SAMPLE  LOGS 

Number  of  logs 

278 

Lineal  feet 

7,851 

Gross  bd.ft.  log  scale 

11,950 

Net  bd.ft.  log  scale 

11,880 

Gross  ft3  scale 

2,685.4 
PRODUCT  RECOVERY 

Lineal  feet                       Bd.ft: 

Ft2 

Percent 

House  logs2 

2,826 

11,304 

2,540.2 

42.5 

Rafters 

456 

1,596 

358.7 

6.0 

Studs 

4,488 

2,991 

672.1 

11.2 

Posts  (7  ft) 

238 

71 

16.0 

.3 

1  inch  x  6  ft 

176 

88 

19.8 

.3 

2  inches  x  4  inches  x  7 

ft 

469 

312 

70.1 

1.2 

Total 

8,653 

16,362 
RESIDUE 

3,676.9 

61.3 

Cull,  chips,  sawdust,  bark 

2,301.4 

'Board  foot,  cubic  foot  ratio  was  4.45. 
2House  logs  are  6-inch  (15.2-cm)  cants. 


Number  of  posts 
Volume,  cubic  feet 
Volume,  cubic  meters 


Fenceposts  were  cut  at  the  landing  from  the  tops  and  sub- 
merchantable  trees  of  units  1  and  II.  The  diameters  ranged 
from  3  to  6  inches  (7.6  to  15.2  cm).  The  following  list  shows 
post  recovery  on  a  per-acre  basis: 

Unit  I  Unit  II 

138  174 

100.7  118.0 

2.8  3.3 

Tops,  branches,  and  logging  residue  created  at  the  unit  I  and 
II  landings  were  chipped.  An  evaluation  of  the  ;hips  is  shown 
in  table  12.  Lineal  feet,  the  total  length  of  stemwood  chipped, 
not  including  branches  and  needles,  was  about  8,500  and 
7,700  ft  (2  591  and  2  347  m)  for  units  1  and  II,  respectively. 
Although  unit  I  had  about  10  percent  more  length  than  unit  II, 
the  gross  weight  of  chips  was  less,  probably  due  to  the  smaller 
trees  taken  from  unit  I  or  the  higher  percentage  of  green  trees 
removed  from  unit  II. 

The  density  of  the  chips  was  affected  by  the  amount  of  dead 
and  branch  wood.  The  chipped  material  of  unit  I  was  about  17 
percent  denser  than  the  chipped  material  of  unit  II.  Overall 
chip  quality  was  below  commercial  standards  with  35  and  49 
percent  of  the  chips  unacceptable  for  pulping.  The  unbarked 
stems  and  the  unscreened  chips  were  the  major  causes  for  these 
high  percentages,  as  shown  in  the  following  tabulation  compar- 
ing woods  and  mill  chipping: 

Woods  Mill 

Percent 

Bark  content                              19  0.7-2.5 

Needle  content                             1  0 

Fines  content                              17  4-10 

Oversize  content                          5  0 

A  screening  operation  would  have  improved  chip  quality. 
Net  chip  recovery  was  estimated  to  be  12.3  and  9.6  bone  dry 


units.  This  estimate  was  calculated  by  multiplying  the  accept- 
able chip  percentage  by  the  total  chip  weight,  correcting  for  29 
percent  moisture  content,  and  dividing  by  2,400  pounds  (a 
bone  dry  unit). 

Total  product  recovery  is  shown  as  a  materials  balance  in 
table  13.  The  products  were  distributed  according  to  unit  except 
that  saw  logs  from  units  1  and  III  and  units  II  and  IV  were 
combined  as  group-  1  and  2,  respectively. 

Logged  volumes  ranged  from  60  to  77  percent  and  the  resid- 
ual stand  ranged  from  12  to  35  percent  of  the  original  stand 
volumes.  Logging  residues  were  lowest  in  units  I  and  III  which 
had  4.9  and  4.5  percent,  respectively.  Unit  II  had  11.3  percent 
residue  and  unit  IV,  9.5  percent.  The  large  amount  of  residue 
on  unit  II  was  due  to  choker  skidding  full  trees,  which  damaged 
the  residual  trees  and  the  operator  not  wanting  to  bunch  and 
set  chokers  on  the  smaller  stems. 

Saw  log  recovery  was  the  largest  component  on  unit  I,  81 
percent;  on  unit  II  it  was  76  percent.  For  the  two  units,  the  saw 
logs  removed  made  up  about  60  percent  of  original  stand  vol- 
ume. Wood  chips  were  the  next  largest  component — 15  percent 
for  unit  I  and  19  percent  for  unit  II  of  the  volume  removed. 
Approximately  4  percent  of  the  volume  was  in  fenceposts. 

Secondary  product  yield  was  based  on  the  two  groups  of  saw 
logs.  Approximately  70  percent  of  the  saw  log  material  was 
made  into  lumber  or  ties. 

Economic  analysis. — Our  economic  analysis  compares  pro- 
duction rates  and  costs  for  the  different  logging  systems.  Fixed 
and  variable  costs  for  the  equipment  used  are  included  in 
table  7.  The  production  rates  for  the  four  study  units  are 
shown  in  table  14. 

Unit  I  had  the  lowest  cost  per  piece,  followed  by  units  IV, 
II,  and  III.  High  landing  costs  adversely  affected  total  costs  for 
unit  III.  The  data  also  show  that  the  feller-buncher  is  less  costly 
than  the  powersaw  when  compared  on  a  trees-cut  basis. 


Table  12.— Data  on  chips  produced  on  units  I  and  II 


Item 


Unit 


Lineal  feet  chipped 
Gross  weight  (pounds)' 
Chipped  material  (ft3) 
Density  (pounds  per  ftJ)2 
Percent  acceptable  chips 
Percent  needles 
Percent  bark 
Percent  oversized  chips 
Number  of  chip  units 


8,481 

63,740 

938.04 

67.95 

65.0 

1.0 

18.9 

5.0 

12.3 


7,698 

64,180 

1,209.19 

58.00 

50.8 

1.7 

18.8 

5.0 

9.7 


'Weight  of  chipped  material  in  truck. 
'Determined  by  dividing  gross  weight  by  volume. 


Table  13.— Materials  balance  by  logging  unit  on  a  per-acre  basis 


Item 


Unit 


III 


IV 


Prelogged  stand 

Logged  volume 

Residues' 

Residual  stand 

Logged  material  primary  products 

Chips 


FP 

3,378 

2,540 

166.7 

671.7 


(acceptable) 
(unacceptable) 

Posts 

Saw  logs 

Total 


242 

133 

101 

2,064 


2,540 
(71.9  m3) 
Saw  log  recovery2  secondary  products 


rcent 

Ft3 

Percent 

R3 

Percent 

FP 

100.0 

3,272 

100.0 

2,779 

100.0 

3,703 

100.0 

75.2 

2,519 

77.0 

1,668 

60.0 

2,650 

71.5 

4.9 

368.8 

11.3 

125.4 

4.5 

350.5 

9.5 

19.9 

384.2 

11.7 

985.2 

35.5 

702.6 

19.0 

9.5 

190 

7.5 

5.2 

294 

11.7 

4.0 

118 

4.7 

81.3 

1,917 

76.1 

100.0 

2,519 
(71.4  m3) 

100.0 

Group 


1 


Lumber 

1,043 

55.9 

1,439 

63.0 

Railroad  ties 

328 

17.6 

162 

7.1 

Chips 

472 

25.3 

653 

28.6 

Residues 

22 

1.2 

30 

1.3 

Total 

1,865 
(52.8  m3) 

100.0 

2,284 
(64.7  m3) 

100.0 

'Does  not  include  prelogging  residues,  which  are  negligible. 

2Based  on  sample  sawmill  recovery  study,  units  I  and  II  =  group  1  and  units 


and  IV  =  group  2. 


Table  14.— Comparison  of  tree  to  deck  logging  systems  for  the  four  study  units 


Unit 

I 

II 

III 

IV 

Felling 

Trees  per  hour 

88 

38 

69 

40 

Cost  per  hour 

21.80 

20.79 

21.80 

20.79 

Cost  per  tree 

.25 

.55 

.32 

.52 

Limb  and  buck 

Trees  per  hour 

46.0 

55.7 

30.4 

46.3 

Cost  per  hour 

15.47 

15.47 

15.47 

20.79 

Cost  per  tree 

.34 

.28 

.51 

.45 

Skid 

Trees  per  hour 

31.8 

20.3 

21.9 

20.4 

Cost  per  hour 

16.90 

24.82 

16.90 

24.82 

Cost  per  piece 

.53 

1.22 

.77 

1.22 

Landing 

Pieces  per  hour 

34.7 

95.2 

23.8 

— 

Cost  per  hour 

15.47 

15.47 

24.38 

— 

Cost  per  piece 

.45 

.16 

1.02 

— 

Post-making 

Posts  per  hour 

68 

71 

Cost  per  hour 

15.47 

15.47 

Cost  per  post 

.23 

.22 

Total  Cost  Per  Piece 

1.57 

2.21 

2.62 

2.19 

Hours 

69.64 

76.55 

78.55 

66.40 

M  bd.ft. 

36.50 

62.83 

59.83 

54.17 

Acres 

183.18 

398.63 

472.50 

394.96 

Hectares 

517.53 

728.50 

863.66 

721.91 

Cunits 

8.66 

12.19 

14.45 

12.08 

Meters' 

11.11 

15.64 

18.54 

15.50 

'M  bd.ft.  =  2.36  m3.  Chipping  costs  for  units  I  and  II  are  not  included. 
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Table  15.— Income  and  cost  data  for  the  four  study  units  on  a  per-acre  basis 


Unit 

Item 

I 

II 

III 

IV 

Gross  income 

Cost 

Net  income 

1,552.82 

183.18 

1 ,369.64 

1,565.38 

398.16 

1,167.22 

907.55 
472  50 
435.05 

1,442.26 

394.96 

1,047.30 

Total  costs  and  income. — Prices  used  to  determine  income 
were:  S128/M  bd.ft.  log  scale,  $12/bone  dry  unit  of  pulp  chips, 
and  $0.69/fencepost.  Cost  data  for  the  logging  systems  on  the 
individual  units  are  shown  in  table  14,  and  the  income  and  cost 
on  a  per-acre  basis  in  table  15.  Hog  fuel  chips  and  fenceposts 
are  included  in  the  income  for  units  1  and  II,  as  is  the  produc- 
tion cost  of  the  fenceposts.  However,  because  the  chipper  was 
of  the  wrong  capacity,  the  chipper  costs  were  excessive  and  are 
omitted.  The  data  show  that  units  I  and  II  were  the  most  prof- 
itable. These  units  also  were  left  with  a  suitable  stocking  of 
young  trees,  and  no  postharvest  treatment  was  necessary. 

In  addition  to  the  income,  other  land  management  benefits 
were  derived  from  operating  in  these  young  stands.  Cleaning 
the  stand  will  make  future  access  easier.  Removal  of  the  smaller 
trees  makes  additional  minerals  and  growing  space  available  to 
the  residual  stand.  Also,  removal  of  the  insect-infested  trees 
should  provide  some  protection  to  the  crop  trees.  In  addition, 
opening  the  stands  should  increase  forage  production  and  per- 
mit ready  access  for  timber  salvage  or  harvesting  (fig.  5). 

Land  management  consideration. — The  unit  data  also  pro- 
vided information  for  comparing  limbing,  bucking,  and  slash 
disposal  at  the  landing  and  the  same  operations  at  the  stumps. 
Also,  sanitation-salvage  cutting  could  be  compared  with  saw 
log  removal. 

Limbing  and  bucking  at  the  landing  reduced  the  skidding 
cost,  especially  if  the  trees  contained  more  than  one  saw  log. 
Another  advantage  of  whole-tree  skidding  was  reduction  of 
slash  in  the  logged  area.  Limbing  at  the  stump  and  skidding 
tree  lengths  to  the  landing  for  processing  eliminates  this  advan- 
tage. In  salvage  operations,  concentration  and  disposal  of  the 
slash  is  an  important  insect  control  measure.  If  partial  cuts  are 


made,  the  slash  may  be  concentrated  in  stand  clearings  before 
being  burned. 

The  quantity  of  logging  residue  left  on  an  area  can  be  used 
as  a  criterion  of  good  or  bad  harvesting  practices.  Residue 
percentages  derived  from  different  bases  are  shown  in  table  16. 
The  residue  percentages  of  the  original  and  residual  stands  indi- 
cate the  need  for  and  degree  of  slash  disposal  activities  re- 
quired. The  large  percentage  of  residues  in  unit  II  resulted  from 
operator  carelessness  and  his  expectancy  that  the  residues  would 
be  cleared  and  burned. 

Conclusions 

The  results  of  this  study  indicate  that  thinning  and  salvage 
operations  in  young  second-growth  ponderosa  pine  stands  can 
be  done  at  a  profit  only  if  a  sufficient  amount  of  sawtimber 
can  be  removed.  Recovery  of  other  products,  such  as  fence- 
posts  and  pulp  chips,  is  not  great  enough  to  cover  operational 
costs. 

Commonly  available  ranch  and  farm  machinery  proved  to  be 
well  suited  for  harvesting  work  in  young  timber.  Farm  tractors 
can  be  fitted  with  grapples  for  whole-tree  or  log  skidding  and 
these  machines  can  also  be  used  to  deck  logs  and  pile  slash. 
Properly  used,  the  tractors  were  economical  and  efficient,  and 
did  a  minimum  amount  of  damage  to  residual  trees. 

Feller-bunchers  were  more  efficient  than  chain  saws  in  sev- 
ering the  trees,  and  grapple  skidding  was  better  than  choker 
skidding.  Full-tree  skidding  with  processing  at  the  landing  did 
less  damage  to  the  stand  than  log  skidding,  as  fewer  stand  en- 
tries were  needed  to  remove  all  the  small  trees.  Log  making  at 
the  landing  concentrated  the  tops  and  branches  so  that  this 
material  could  be  made  into  pulp  chips  or  hog  fuel.  Tree-length 
skidding  also  permitted  production  of  several  different 
products — saw  logs,  posts,  house  logs — and  concentration  of 
these  items  at  a  single  location. 

Competent,  well-trained  personnel  are  required  if  small 
timber  stands  are  to  be  profitably  harvested. 


Table  16.— Residues  by  cutting  unit  as  a  percentage  of 
original  and  residual  stand  volumes  and 
log  volumes  removed 


Item 


Figure  5.— A  typical  stand  after  being  thinned. 


Percent  of  original  stand 
Percent  residual  stand 
Percent  volume  removed 


Cutting  unit 

I 

II 

III 

IV 

4.9 

24.8 

6.6 

11.3 

96.0 
14.6 

4.5 

12.7 
7.5 

9.5 

49.9 
13.2 
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STUDY  2 

A  second  study,  made  in  the  same  general  area,  was  started 
in  the  fall  of  1980  and  extended  through  the  winter  to  the 
following  March.  During  this  interval,  8  areas  totaling  about 
1 34  acres  of  second-growth  ponderosa  pine  were  sanitized  and 
thinned.  Sanitation  consisted  of  removing  living  and  dead  trees 
that  showed  signs  of  the  presence  of  insects,  holes,  or  pitch 
tubes  on  the  stems,  and  thinning  to  improve  the  spacing  be- 
tween residual  trees. 

Procedure 

Experience  gained  from  earlier  work  in  the  same  ponderosa 
pine  stands  was  used  to  determine  procedures  adopted  for  this 
investigation.  The  selected  procedure  consisted  of  three  tree- 
felling  phases. 

The  first  phase  was  to  go  through  the  stand  with  a  three-  or 
four-man  crew.  One  crewmember  used  a  chain  saw  to  fell  trees 
less  than  5  inches  d.b.h.  The  other  crewmembers  bunched  the 
trees,  butt  ends  together,  for  skidding. 

The  second  phase  was  to  use  the  feller-buncher  to  cut  and 
pile  the  trees  between  6  and  10  inches  in  stump-high  diameter. 
A  small  and  a  large  Melroe  Bobcat,  Models  825  and  1075,  were 
used.  The  final  phase  was  to  fell  with  a  chain  saw  the  trees  too 
large  in  diameter  for  the  feller-buncher  shear  opening. 

All  trees  were  skidded  with  either  a  John  Deere  440  skidder 
or  various  farm  tractors  fitted  with  rear-mounted,  shop-built 
grapples.  Tree  lengths  only  were  moved  to  the  landing.  At  the 
landing  the  larger  trees  were  cut  into  stud  and  saw  logs  and 
decked  for  later  removal.  Tops,  branches,  and  smaller  trees 
were  chipped  in  a  Morbark  Model  12  Chiparvestor,  and  the 
fuel  chips  were  discharged  into  40-ft  fiat-bottomed  pulp  chip 
van.  To  utilize  the  chipper  near  capacity,  the  smaller  trees  were 
stockpiled  in  a  near-vertical  position  at  the  landing  (fig.  6). 
After  chipping  had  started,  the  stockpiled  trees  were  used  to 
maintain  a  continuous  flow  of  material  to  the  chipper,  supple- 
menting the  tops  and  branches  from  freshly  skidded  saw-log- 
size  trees. 


Figure  6.— Stockpiling  of  thinned  trees  at  the  landing. 


The  objective  of  the  study  was  to  determine  the  productivity 
and  costs  of  this  harvesting  system.  Productivity  was  measured 
by  a  physical  count  of  trees  cut  in  each  of  the  three  felling 
phases,  by  sampling  the  skidded  bunches,  and  by  recording  the 
time  needed  to  complete  each  operation.  With  the  exception  of 
the  small  hand-felled  stems,  the  diameter  at  the  butt  end, 
d.b.h.,  length  to  a  6-inch  diameter,  and  total  length  were 
recorded  for  each  tree  in  the  sampled  bunch.  Butt  diameter  and 
total  length  only  were  recorded  for  the  small  tree  sample 
bunches.  Total  costs  were  calculated  by  using  the  machine  and 
man-hours  and  the  hourly  cost  of  each.  Prorating  these  costs 
permitted  calculation  of  individual  tree-felling  cost  and  bunch- 
skidding  cost.  Chipping  cost  per  unit  was  determined  by  re- 
cording the  time  necessary  to  fill  a  van  of  known  capacity. 

Values  recovered  from  the  areas  were  based  on  200- ft3  hog 
fuel  units  blown  into  the  van  at  $16  each,  stud  logs  at  $80/M 
bd.ft.  Scribner  log  scale,  and  saw  logs  at  S164/M  bd.ft. 
Scribner  log  scale.  Log  prices  were  for  the  material  decked  at 
the  landing. 

Results  and  Discussion 

Hourly  and  daily  rates  for  the  different  pieces  of  study 
equipment  are  shown  in  table  17.  In  addition,  a  $50  rate  per 
day  per  man  was  used  in  computing  the  costs  of  felling,  skid- 
ding, and  processing  individual  trees  as  well  as  per-acre  costs. 
Cost  data  for  the  individual  study  areas  are  shown  in  table  18. 

As  would  be  expected,  per-acre  cost  for  the  various  opera- 
tions varied  widely,  reflecting  the  different  stand  and  operating 
conditions.  Hand  thinning  cost  per  acre  ranged  from  $43.68  to 
$147.20,  and  the  weighted  average  cost  per  acre  was  $86. 12. 
Machine  thinning  cost  per  acre  ranged  from  $7.99  to  $87.65, 
and  the  weighted  average  cost  was  $32.25  per  acre.  The  total 
skidding  cost  per  acre,  for  all  trees,  ranged  from  $40. 18  to 
$149. 14,  and  the  weighted  average  per-acre  cost  was  $76.72. 
The  total  cost  of  producing  chips,  stud  logs,  and  saw  logs 
ranged  from  $102.99  to  $498.09  per  acre,  and  the  weighted 
average  cost  was  $166.45  per  acre. 

Income  data  and  the  net  return  per  acre  are  shown  in 
table  19.  The  total  cost  per  acre  ranged  from  $185.66  to 
$814.26.  The  income  per  acre  from  hog  fuel  ranged  from 
$70.50  to  $681.33,  with  a  weighted  average  income  of  $219.09 
per  acre.  Stud  log  income  ranged  from  $33.60  to  $468.27  per 
acre,  and  the  weighted  average  income  was  $321 .43  per  acre. 
Sawtimber  was  obtained  from  five  areas  and  the  value  of  this 
product  ranged  from  $43.74  to  $210.46  per  acre,  with  a 
weighted  average  of  $150.31  per  acre.  Total  per-acre  income 
ranged  from  $226.95  to  $919.35,  and  the  weighted  average  in- 
come per  acre  was  $648.50.  Net  return  per  acre  ranged  from  a 
loss  of  $99.77  to  a  profit  of  $439.43,  with  a  weighted  average 
return  of  $308. 80  profit. 

In  general,  the  value  of  the  hog  fuel  was  at  least  one-third 
and  as  much  as  86  percent  of  the  total  per-acre  costs.  Income 
from  the  stud  logs  and  saw  logs  provided  most  of  the  profit 
margin.  The  two  areas  that  had  a  net  loss  per  acre  produced  no 
saw  logs. 
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Table    17.  — Hourly    and    daily    rates    for    various    pieces    of    equipment    used 
thinning  study 


Machine 


Chip  Harvester  Model  12' 

John  Deere  440  skidder 

John  Deere  2940  4WD  tractor 

AIMs  Chalmers  180  and  Ford  7000  tractors 

Melroe  "Bobkitten"  steer  skid 

Melroe  Bobcat  1075  feller-buncher 

Front  end  loader2 

6x6  flatbed  truck 

Dump  truck 

Stock  truck 

Semi-tractor 

Crawler  tractors 

Road  grader 

Husky  heelboom  loader 

Fifth  wheel  trailer 

Semi-trailer,  45  feet 

Chain  Saws 
AC  2000  tractors 


Cost 

Cost 

per  hour 

per  day 

-  Dollars  -  - 

32.00 

200.00 

16.00 

100.00 

7.50 

55.00 

6.00 

40.00 

6.25 

55.00 

15.00 

100.00 

6.50 

50.00 

6.50 

50.00 

3.00 

20.00 

3.00 

20.00 

13.00 

100.00 

13.00 

100.00 

4.00 

30.00 

3.00 

25.00 

1.50 

10.00 

2.25 

18.00 

4.00  per  day  for 

saw 

only 

10.00  per  day  for 

saw 

gas, 

oil,  etc. 

6.75 

50.00 

'Data  for  the  first  six  machines  include  all  fixed  and  variable  costs,  but  exclude  operator  or 
labor  costs 

'Data  tor  the  other  machines  do  not  include  fuel,  lube,  or  minor  repair  costs 


Table  18.— Costs  of  performing  various  harvesting  operations  on  the  eight  study  areas 


Hand  thinning 

Machine  thinning 

Sawtimber 

Skidding 

Processing  (cost/acre) 

Area 

Ac  ires 

No. 

Cost/ 

Cost/ 

Ho. 

Cost/ 

Cost/ 

Volume 

Cost/ 

Total 

Stud 

Saw 

trees 

stem 

acre 

trees 

stem 

acre 

cut 

acre 

cost/acre 

Chipping 

logs 

logs 

Mbd.ft. 

Gravel  Pit 

20.50 

8,058 

$0.19 

$  74.03 

1,580 

$0.25 

$19.41 

17,130 

$2.52 

$  97.04 

$138.30 

$  20.69 

$1.26 

Section  34 

29.56 

6,383 

.20 

43.68 

3,565 

.35 

42.42 

25,670 

1.44 

103.96 

150.71 

40.48 

4.93 

Airstrip  A  &  B 

5.35 

1,087 

.19 

79.38 

2,079 

.22 

87.65 

— 

— 

149.14 

387.37 

110.72 

— 

Big  Chip  Pile 

7.10 

3,550 

.19 

94.87 

325 

43 

19.65 

— 

— 

61.44 

114.08 

37.34 

— 

Spring  Creek 

5.00 

3,850 

.19 

147.20 

252 

.49 

24.60 

4,610 

6.84 

85.11 

129.60 

40.59 

9.57 

No  Name  Creek 

18.00 

12,277 

.19 

134.56 

1,216 

.32 

21.75 

15,140 

6.67 

80.66 

146.25 

23.23 

9.17 

Rifle  Range 

8.70 

6,870 

15 

120.83 

148 

.47 

7.99 

— 

— 

56.24 

139.66 

2.00 

— 

Crazy  Gate 

39.20 

— 

- 

— 

1,863 

.78 

37.24 

50,000 

5.25 

40.18 

41.33 

58.81 

2.85 

Weighted  average 

cost/acre 

86.12 

32.25 

4.05 

76.72 

Klfifi  4^    - 

Table  19.— Per-acre  income  from  the  various  products  for  the  eight  study  areas 


Income  per  acre 


Total 


Total 

income/ 

Profit  (or 

Area 

Acres 

cost/acre 

Chips 

Stud  logs 

Sawtimber 

acre 

loss)/acre 

Dollars 

Gravel  Pit 

20.50 

353.25 

225.00 

260.80 

138.60 

624.40 

271.15 

Section  34 

29.56 

387.62 

256.80 

426.96 

143.29 

827.05 

439.43 

Airstrip  A  &  B 

5.35 

814.26 

681.33 

238.02 

— 

919.35 

105.09 

Big  Chip  Pile 

7.10 

327.38 

186.60 

138.80 

— 

325.40 

(    1.98) 

Spring  Creek 

5.00 

443.51 

215.85 

231.20 

151.80 

598.85 

155.34 

No  Name  Creek 

18.00 

422.29 

363.26 

159.12 

43.74 

566.12 

143.83 

Rifle  Range 

8.70 

326.72 

193.35 

33.60 

— 

226.95 

(  99.77) 

Crazy  Gate 

39.20 

185.66 

70.50 

468.27 

210.46 

749.23 

563.57 

Weighted  average/acre 

339.70 

219.09 

321.43 

150.31 

648.50 

308.80 
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Conclusions 


PUBLICATION  CITED 


Results  of  the  second  study  indicated  that  with  suitable 
markets  available  within  a  reasonable  distance,  small-sized  trees 
can  be  economically  harvested  and  utilized.  A  three-step  system 
that  removed  the  smallest  trees  first  and  the  largest  trees  last 
proved  to  be  an  efficient  harvesting  method.  Grapple  skidding 
with  a  modified  farm  tractor  that  permitted  slope  decking  of 
the  trees  at  the  landing  was  a  cost-effective  procedure  for 
operating  the  chipper  near  capacity. 

The  total  weighted  average  cost  per  acre  of  felling,  skidding, 
and  processing  the  trees  was  $339.70.  Most  of  the  harvesting 
cost  was  covered  by  the  value  of  the  hog  fuel,  and  the  value  of 
the  saw  logs  provided  a  profit  margin.  The  weighted  average 
per-acre  income  from  hog  fuel  was  $219.09,  for  stud  logs 
$321.43,  and  for  saw  logs  $150.31.  The  weighted  average  total 
income  per  acre  was  $648.50,  and  the  weighted  average  profit 
per  acre  was  $308.80. 


Troutt,  A.  H.  The  supply  picture  of  small  logs.  In:  Proceedings 
of  Northwest  Wood  Products  Clinic;  Kalispell,  MT.  1979: 
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ment of  Agriculture,  Forest  Service,  Intermountain  Forest  and  Range  Experi- 
ment Station;  1983.  14  p. 

Wood  from  salvage  and  thinning  operations  in  second-growth  stands  in 
western  National  Forests  constitutes  a  potential  resource  that  may  help  alle- 
viate present  and  future  timber  shortages.  This  report  presents  cost  informa- 
tion and  describes  harvesting  systems  and  machines  that  have  satisfactorily 
and  economically  operated  in  such  stands. 


KEYWORDS:  salvage  thinning,  logging  systems,  small  tree  utilization, 
second-growth  timber  stands,  whole-tree  chipping 
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RESEARCH  SUMMARY 

Conditions  were  examined  on  campsites  in  low-to-mid- 
elevation  forests  and  grasslands  in  the  Bob  Marshall 
Wilderness,  Mont.  Camp  area,  bare  area,  and  the  extent  of 
tree  damage  were  evaluated.  Other  changes  were  as- 
sessed by  comparing  campsites  to  comparable  control 
sites.  The  changes  estimated  in  this  way  were  loss  of  tree 
seedlings,  ground  vegetation,  and  duff,  increase  in  mineral 
soil  exposure  and  compaction,  change  in  species  compo- 
sition, and  reduction  in  infiltration  rates. 

Trampling  disturbance  of  groundcover  vegetation  and 
soils  was  similar  in  magnitude  to  what  has  been  reported 
elsewhere.  The  unique  features  of  these  campsites  were 
the  large  area  that  had  been  disturbed  and  the  great 
number  of  damaged  trees.  Such  damage  is  primarily  a 
result  of  the  prevalence  of  large  parties  with  stock  and  the 
persistence  of  practices  such  as  felling  trees  for  tent 
poles  and  tying  stock  to  trees. 

Campsites  used  primarily  by  backpackers,  sites  used 
primarily  by  private  stock  parties,  and  sites  used  by 
commercial  outfitters  in  the  fall  were  compared.  Certain 
types  of  impact,  such  as  percentage  of  vegetation  lost, 
were  comparable  on  all  three  types  of  campsite.  The  types 
of  impact  that  are  most  extreme  on  Bob  Marshall  camp- 
sites, however,  are  most  pronounced  on  those  sites  used 
primarily  by  private  stock  parties  and  commercial 
outfitters. 

Several  management  actions  can  be  taken  to  reduce 
campsite  damage.  Most  importantly,  users  must  be  edu- 
cated about  the  damage  resulting  from  felling  trees  and 
tying  stock  to  trees.  It  would  also  be  helpful  to  encourage 
the  use  of  existing  campsites  in  popular  areas.  In  less 
popular  areas,  people  could  be  encouraged  to  use  undis- 
turbed, resistant  sites,  such  as  many  of  the  grasslands,  to 
avoid  seriously  damaging  any  single  site.  Finally,  in  places 
that  are  frequently  used  by  novice  stock  parties  the  Forest 
Service  should  consider  providing  corrals  or  hitchrails  to 
reduce  tree  damage. 
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Campsite  Conditions  in  the 
Bob  Marshall  Wilderness, 
Montana 


David  N.  Cole 


INTRODUCTION 

Of  the  recreational  impacts  occurring  in  wilderness,  those  on 
campsites  are  the  most  troublesome  and  complex  to  manage. 
The  potential  solutions  to  such  problems  are  numerous,  and  it 
is  seldom  obvious  which  solutions  are  most  appropriate  or  like- 
ly to  be  effective.  Use  rationing,  limitations  on  length  of  stay 
or  group  size,  concentrating  campers  on  designated  sites, 
dispersing  campers  among  numerous  sites,  campsite  closures, 
prohibition  of  wood  fires,  and  visitor  education  are  some  of 
the  techniques  that  have  been  used  in  an  attempt  to  solve 
campsite  problems.  Too  often  the  effects  of  such  actions  can- 
not be  accurately  predicted.  Even  more  regretable,  after  actions 
have  been  taken  it  is  seldom  possible  to  evaluate  their  effective- 
ness because  systems  for  monitoring  changes  in  campsite  condi- 
tion are  not  in  place. 

In  the  western  United  States,  most  studies  of  campsite  condi- 
tion have  been  conducted  at  high  elevations;  therefore,  the  con- 
clusions drawn  may  not  be  applicable  to  campsites  at  lower  ele- 
vations. Furthermore,  previous  studies  have  not  compared  the 
condition  of  campsites  that  have  been  subjected  to  very  differ- 
ent types  of  use.  Such  informational  gaps  provided  the  impetus 
for  long-term  monitoring  of  campsites  in  the  Bob  Marshall 
Wilderness,  Mont.,  an  area  frequented  by  parties  of  back- 
packers, private  individuals  with  packstock,  and  commercial 
outfitters  and  their  clients.  Specific  purposes  of  this  study  were: 

(1)  to  document  campsite  condition  for  future  monitoring; 

(2)  to  compare  the  condition  of  sites  subjected  to  the  three  ma- 
jor categories  of  user;  and  (3)  to  test  the  hypothesis  that  low- 
elevation  campsites  are  less  fragile  than  high-elevation  camp- 
sites. This  report  describes  the  study  area,  how  the  study  was 
conducted,  results  of  the  study,  and  management  implications. 

STUDY  AREA  AND  STUDY  METHODS 

The  Bob  Marshall  Wilderness  is  located  south  of  Glacier 
National  Park,  along  the  Continental  Divide  in  Montana.  At 
just  over  1  million  acres  (408  000  ha),  the  Bob  Marshall  is  one 
of  the  largest  wildernesses  in  the  Nation.  User  densities  are 
moderately  low  (0.15  visitor-day/acre  in  1981),  although  certain 
travel  corridors  and  destinations  do  receive  concentrated  use. 
The  area  is  unique  in  the  high  proportion  of  stock  users  and 
the  importance  of  fall  hunting.  In  1970,  two-thirds  of  all 
parties  had  packstock;  about  one-half  of  these  were  with  out- 
fitters. Over  one-third  of  the  use  was  in  the  fall,  and  about 
one-third  of  all  parties  hunted  (Lucas  1980). 

We  examined  35  campsites  within  the  Bob  Marshall  Wilder- 
ness, selecting  sites  located  in  various  parts  of  the  wilderness 
(fig.  1).  Both  forest  and  grassland  sites  were  examined,  but  all 


sites  were  at  relatively  low  elevations  for  a  mountainous 
wilderness  in  the  West— between  4,100  and  5,500  ft  (1  250  and 
1  675  m)  (fig.  2).  Although  only  well-established  sites  were 
studied,  use  ranged  from  the  most  frequently  used  sites  to  sites 
used  only  a  few  times  per  year.  We  examined  six  camps  that 
were  used  almost  exclusively  by  backpackers.  The  most 
numerous  sites  were  those  used  predominantly  by  private  par- 
ties with  stock  (called  horse  camps  hereafter).  These  sites,  of 
which  we  selected  24  for  study,  are  used  less  frequently  by 
backpackers  and  by  roving  commercially  outfitted  groups.  We 
also  examined  five  camps  assigned  to  commercial  outfitters. 
Most  of  these  sites  are  off  the  main  trails,  and  are  mainly  used 
in  the  fall  as  hunting  base  camps. 

Each  sample  site  consisted  of  both  a  campsite  and  an  undis- 
turbed control  site  nearby.  From  a  fixed  point  close  to  the 
center  of  the  campsite,  we  measured  the  distance  to  the  edge  of 
the  campsite,  and  to  the  first  significant  amount  of  vegetation 
along  each  of  16  transects.  This  defined  the  campsite  area  and 
the  area  of  the  barren  central  core  (bare  area).  Tree  seedlings 
between  6  and  55  inches  (15  to  140  cm)  tall  were  counted 
within  the  camp  area,  excluding  any  untrampled  "islands"; 
larger  trees  were  counted  within  the  entire  camp  area,  including 
the  "islands."  Any  human  damage  to  trees  was  noted. 

On  each  campsite,  15  quadrats,  3.28  by  3.28  ft  (1  m  by  1  m) 
square,  were  located  along  four  transects.  The  transects 
originated  at  the  center  point  and  were  oriented  perpendicular 
to  each  other.  The  distance  between  successive  quadrats 
decreased  with  distance  from  the  center  point,  so  that  the  cen- 
tral part  of  the  site  was  not  oversampled.  In  each  quadrat,  the 
canopy  coverages  of  total  ground  vegetation,  exposed  mineral 
soil,  each  vascular  plant  species,  and  mosses  and  lichens  as  a 
group  were  estimated.  Coverages  were  estimated,  always  by  the 
same  investigators,  to  the  nearest  percent  if  under  10  percent 
or,  in  10  percent  coverage  classes,  between  10  and  100  percent. 
The  midpoints  of  each  class  were  used  to  calculate  means  for 
each  variable.  Plot  layout  and  measurements  are  fully  described 
and  illustrated  in  Cole  (1982). 

Soil  compaction  and  depth  of  organic  litter  and  fermentation 
(0)  horizons  (duff  depth)  were  measured  adjacent  to  each 
quadrat.  Compaction  was  measured  with  a  pocket  soil  pene- 
trometer in  the  uppermost  portion  of  the  mineral  soil  after  the 
organic  horizons  had  been  removed.  Infiltration  rates  were 
measured  with  a  double-ring  infiltrometer,  between  3  and  6  ft 
( 1  -2  m)  from  the  center  point  along  two  of  the  transects.  The 
rate  that  the  first  0.39  inch  ( 1  cm)  entered  the  soil  was  called 
the  instantaneous  infiltration  rate.  After  2  inches  (5  cm)  had 
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Figure  1— Locations  of  sample  campsites  within  the  Bob  Marshall  Wilderness. 
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Figure  2.— The  study  campsites  were  located  in  forests  and  grasslands  at 
relatively  low  elevations. 


soaked  into  the  soil,  more  water  was  added.  The  rate  that  the 
next  0.39  inch  (1  cm)  entered  the  soil  was  called  the  saturated 
rate.  Both  are  expressed  in  centimeters  per  minute. 

On  the  control  plots,  which  usually  varied  in  size  between 
165  and  330  ft'  (50  and  100  in),  we  estimated  the  coverage  of 
total  vegetation,  exposed  mineral  soil,  each  vascular  plant 
species,  mosses,  and  lichens  for  the  entire  plot.  We  counted 
numbers  of  seedlings  and  took  15  duff  depth  and  penetra- 
tion resistance  measurements  and  two  infiltration  rate 
measurements. 

On  very  large  sites,  where  there  were  several  discontinuous 
disturbed  areas,  usually  holding  areas  for  stock,  we  took  de- 
tailed measurements  in  the  central  area  used  for  cooking.  Then 
we  estimated  the  size  of  the  entire  disturbed  area  and  assessed 
tree  damage  in  this  larger  area. 

The  amount  of  change  that  has  occurred  is  inferred  from 
comparisons  of  campsites  and  controls.  I  calculated  both  ab- 
solute change — the  difference  between  measurements  on  the 
control  site  and  measurements  on  the  campsite — and  relative 
change — the  absolute  change  expressed  as  a  percentage  of  the 
measurement  on  the  control  site.  Where  control  conditions  are 
variable,  relative  change  provides  a  more  valid  basis  for  site-to- 


site  comparisons  than  either  absolute  change  or  current  camp- 
site conditions.  Change  in  species  composition  was  measured 
with  the  following  coefficient  of  floristic  dissimilarity: 

FD  =  0.5  E  |p,  -  p2  | 

where  p,  is  the  relative  cover  of  a  given  species  on  the  control 
plot,  and  p..  is  the  relative  cover  of  the  same  species  on  the 
campsite  (Cole  1978). 

Two  different  analyses  were  used  to  determine  the  statistical 
significance  of  results.  The  first  analysis  involved  testing 
whether  campsites  were  significantly  different  from  controls. 
The  Wilcoxon  matched-pairs,  signed-ranks  test  (a  =  0.05)  was 
used  to  test  the  null  hypothesis  that  campsite  conditions  were 
not  significantly  different  from  controls  (Siegel  1956). 

The  second  set  of  tests  examined  the  differences  between 
backpacker  camps,  horse  camps  and  outfitter  camps.  The  null 
hypothesis  that  conditions  on  each  of  these  types  of  camp  were 
identical  was  tested  using  the  randomization  test  for  two  inde- 
pendent samples  (a  =  0.05)  (Siegel  1956).  Randomly  selected 
samples  of  5  of  the  6  backpacker  sites  and  5  of  the  24  horse 
sites  were  compared  with  each  other  and  with  the  5  outfitter 
sites  examined. 


RESULTS  AND  DISCUSSION 
How  Much  Change  Has  Occurred? 

Campsite  area  on  the  35  sites  varied  between  624  and 
6,512  feet2  (58  and  605  m2)  (table  1);  the  median  site  was 
2,352  ft2  (216  m2).  Most  of  the  campsite  area  was  vegetated; 
the  median  bare  area  was  only  150  ft2  (14  m2).  Some  23  of  the 
35  sites,  however,  had  large  areas  away  from  the  camping  area 
that  had  also  been  disturbed,  usually  from  holding  packstock. 
About  one-tenth  acre  (405  m2)  was  disturbed  on  the  median 
campsite.  The  largest  site  had  a  disturbed  area  of  more  than 
2.5  acres  (10,600  m2). 

On  most  campsites,  all  of  the  overstory  trees  have  been 
damaged.  Typically,  about  15  percent  of  the  on-site  trees  have 
been  felled,  another  55  percent  are  scarred  with  ax  marks, 


nails,  and  so  on,  and  the  rest  have  had  their  lower  branches 
broken  off  for  firewood.  Over  one-half  of  these  trees  have  also 
had  their  roots  exposed,  usually  from  the  trampling  of  stock 
tied  to  their  trunks. 

The  number  of  trees  affected  is  sizeable,  particularly  when 
damage  on  the  entire  disturbed  area— both  campsite  and  stock- 
holding area— is  considered.  The  median  number  of  damaged 
trees  was  63  per  site,  but  on  one  site  approximately  500  trees 
had  been  damaged.  Particularly  disturbing  were  the  large 
number  of  trees  that  had  been  felled  (median  of  15  per  site) 
and  that  had  exposed  roots  (median  of  28  per  site).  This  is 
visually  obtrusive,  long-term  damage  (fig.  3).  On  many  areas 
with  no  other  evidence  of  use,  tree  damage  identified  the  place 
as  a  former  campsite.  This  damage  is  also  cumulative— each 
year  newly  damaged  trees  are  added. 


Table  1.— Size  of  disturbance,  tree  damage,  and  change  in  species  composition  on  all  35  campsites 


Statistic 


Trees  with 
Camp  Bare        Disturbed     Damaged      Scarred         Felled        exposed      Damaged      Scarred         Felled 

area  area  area  trees  trees  trees  roots  trees  trees  trees 


Trees  with 

exposed         Floristic 
roots        dissimilarity 


Median 

Range 


Square  meters 

216  14  405  100 

58-605  0-291       58-10,600*       0-100 


-Percent  on  camp  area 

70  15  54 

0-100  0-67  0-100 


Number  on  disturbed  area --Percent- 

63  49  15  28  63 

0-500*  0-300*  0-200'  0-100*  31-97 


•The  highest  values  are  visual  estimates  rather  than  counts  or  measures. 


Figure  3.— Cut  trees  provide  evidence  of  human 
use  long  after  trampled  vegetation  has 
recovered. 

The  long-term  importance  of  tree  damage  is  reinforced  by 
the  lack  of  tree  reproduction  on  campsites.  About  three-fourths 
of  the  campsites  have  no  tree  reproduction  at  all,  and  repro- 
duction is  very  low  on  the  other  sites  (table  2).  In  the  future  we 
can  expect  reductions  in  tree  density  and  the  creation  or  expan- 
sion of  non forested  areas  used  as  campsites. 

Although  the  barren  central  core  of  the  campsite  is  typically 
small,  trampling  has  affected  groundcover  over  the  entire  site. 
The  median  campsite  has  only  one-third  the  vegetation  cover  of 
its  paired  control.  Several  sites  have  lost  over  90  percent  of 
their  original  vegetation.  The  composition  of  the  vegetation 


that  does  survive  is  very  different  from  that  on  controls.  The 
median  floristic  difference  between  campsites  and  controls  (an 
index  of  change  in  species  composition  that  can  vary  from  no 
change— 0  percent — to  complete  change — 100  percent)  is  63 
percent  (table  1). 

To  better  understand  the  compositional  changes  resulting 
from  trampling,  I  compared  the  relative  cover  of  different 
growth  forms  on  campsites  and  controls  (table  3).  The  most 
pronounced  change  is  the  near  elimination  of  shrubs  and  sub- 
shrubs  (woody  species  other  than  trees)  on  campsites.  Their 
median  relative  cover  on  controls  was  21  percent,  while  their 
median  relative  cover  on  campsites  was  only  4  percent.  Mosses 
and  lichens  have  also  been  nearly  eliminated  on  campsites. 
There  has  been  a  corresponding  increase  in  the  importance  of 
graminoids  (grasses  and  grasslike  species)  and  forbs  (herbaceous 
species  other  than  graminoids)  on  campsites.  Median  relative 
cover  values  for  graminoids  were  29  percent  on  controls  and 
36  percent  on  campsites;  for  forbs  values  were  43  percent  on 
controls  and  51  percent  on  campsites. 

To  examine  the  response  of  individual  species  to  trampling,  I 
categorized  the  most  common  native  species  into  those  that  are 
particularly  resistant  to  trampling  damage,  those  that  are  partic- 
ularly susceptible,  and  those  that  are  neither  resistant  nor  sus- 
ceptible. Less  common  native  species  are  listed  in  the  appendix. 
I  also  identified  species  that  "invaded"  campsites — species  that 
are  always  found  more  frequently  on  campsites  than  controls 
and  that  often  also  provide  more  cover  on  campsites  than  con- 
trols (table  4).  The  invader  list  includes  27  introduced  species  (8 
of  which  are  annuals)  and  12  natives  (8  of  which  are  annuals). 
Three  of  the  four  most  abundant  species  on  campsites  are 
common  domestic  lawn  species — Poa pratensis  (Kentucky  blue- 
grass),  Taraxacum  officinale  (common  dandelion),  and  7/7- 
folium  repens  (white  clover). 


Table  2.— Soil  and  vegetation  changes  on  all  35  campsites* 


C«j| 

Duff 

Penetration 

Statistic 

Seedlings 

Vegetation 

exposure 

Campsite 
median 
range 

Stems/ha 

0 
0-560 

Percent 

29                 7.4 
1-84       0.3-53.2 

cm 

1.2 
.05-4.4 

kg!  cm2 
1.7-4.5 

min — 

Control 
median 
range 

600 
0-7,342 

85 
65-100 

0 
0-5 

0.2-1 1.0 

Median 
absolute  change 

880 

52 

7.1 

0  7 

Median 

relative  change 
(%) 

100 

66 

45 

Significance  level 

<  0.001 

<  0.001 

<  0.001 

<  0.001 

<  0.001 

'Absolute  change  is  the  difference  between  c 
control  value  Significance  was  tested  with  a  or 


Table  3.— Relative  cover  of  growth  foims  on  all  35 


controls' 


Camp: 

Control  sites 

Growth  form 

Median 

ige 

Median 

bshrubs 
chens 

27 

Graminoids 
Forbs 

Shrubs  and  su 
Mosses  and  li 

36 
51 

4 
1 

7 
0- 

3 

3 
3 

5 

)9 

0.01 

'Significance  was  tested  with  the  Wilcoxon 


irs.  signed-rat 


Table  4.— Cover  and  frequency  of  campsite  "invaders"* 


Frequency  of 

Mean  relative 

occurrence 

Mean 

cover 

cover 

Species 

Camps 

Controls 

Camps 

Controls 

Camps 

Controls 

Number 

Percent  

Agropyron  repens1 

7 

3 

2.9 

3.0 

3.3 

1.6 

Agrostis  alba1 

3 

0 

1.0 

.0 

2.3 

.0 

Arabis  glabra1 

3 

2 

.2 

1.0 

.2 

.5 

Bromus  inermis^ 

3 

2 

1.7 

6.3 

2.8 

2.8 

Bromus  tectorum12 

1 

0 

.7 

.0 

.6 

.0 

Capsella  bursa-pastoris12 

11 

0 

.6 

.0 

1.6 

.0 

Cerastium  arvense 

8 

1 

1.2 

.9 

1.1 

.3 

Chenopodium  album1-2 

2 

0 

2.2 

.0 

2.9 

.0 

Collinsia  parviflora2 

5 

1 

.3 

.4 

.8 

.2 

Dactylis  glomerata1 

3 

1 

.7 

.5 

.8 

.4 

Descuralnla  richardsonii2 

4 

1 

2.4 

.5 

6.9 

.3 

Epilobium  paniculatum2 

1 

0 

.2 

.0 

1.8 

.0 

Filago  arvensis12 

1 

0 

.2 

.0 

1.8 

.0 

Lappula  redowskii2 

2 

0 

.6 

.0 

1.6 

.0 

Lepidium  densiflorum2 

3 

0 

.1 

.0 

.4 

.0 

Linanthus  septentrionalis2 

2 

1 

.5 

1.0 

.6 

.4 

Lychnis  alba1 

2 

0 

1.4 

.0 

1.7 

.0 

Matricaria  matricarioides2 

4 

0 

1.3 

.0 

5.5 

.0 

Medicago  lupulina12 

3 

1 

2.7 

2.0 

4.0 

1.2 

Phleum  pra  tense1 

13 

3 

1.4 

2.7 

1.8 

1.2 

Plagiobothrys  scouleri2 

6 

0 

6.0 

.0 

10.3 

.0 

Plant  ago  major1 

12 

0 

.5 

.0 

1.0 

.0 

Poa  annua12 

4 

0 

3.6 

.0 

4.8 

.0 

Poa  palustris1 

1 

0 

3.0 

.0 

1.2 

.0 

Poa  pratensis1 

29 

14 

12.4 

7.6 

20.0 

3.2 

Polygonum  aviculare12 

5 

0 

2.4 

.0 

6.6 

.0 

Potentilla  argentea1 

1 

0 

.1 

.0 

.3 

.0 

Rumex  acetosella1 

2 

1 

1.6 

2.0 

1.5 

.7 

Rumex  crispus1 

3 

1 

1.7 

.3 

2.2 

.1 

Sagina  saginoides 

1 

1 

4.3 

5.0 

5.1 

2.0 

Stellaria  calycantha 

1 

0 

.7 

.0 

.9 

.0 

Stellaria  longipes 

2 

0 

1.2 

.0 

1.6 

.0 

Taraxacum  officinale1 

31 

15 

4.4 

1.2 

6.9 

.6 

Thlaspi  arvense12 

4 

0 

.3 

.0 

.5 

.0 

Tragapogon  dubius1 

1 

0 

1.0 

.0 

.6 

.0 

Trifolium  pratense1 

6 

4 

.6 

.6 

.6 

.4 

Tri folium  repens1 

20 

14 

4.0 

2.9 

5.9 

1.4 

Verbascum  thapsus1 

1 

0 

.2 

.0 

1.8 

.0 

Veronica  serpyllifolia 

3 

2 

.5 

.8 

.5 

.3 

'Species  that  are  more  common  on  campsites  than  on  controls.  Means  are  for  the  sites  on  which  the  species  was  found- 
all  35  sites.  The  1  indicates  a  nonnative  species;  the  2  indicates  an  annual. 


■not 


Only  nine  of  the  native  species  commonly  found  on  controls 
are  resistant  to  trampling  (table  5).  These  species  have  less 
cover  on  campsites  than  on  controls,  but  they  survive  more 
often  than  their  associates.  Consequently,  their  relative  cover  is 
higher  on  campsites  than  on  controls.  The  list  includes  three 
species  of  graminoid  and  various  forbs,  most  of  which  have 
basal  leaves,  a  characteristic  that  reduces  susceptibility  to 
trampling  damage.  One  of  these  resistant  species,  Xerophyllum 
tenax  (beargrass)  is  one  of  the  more  common  understory  dom- 
inants in  middle  and  higher  elevation  forests  throughout  much 
of  the  Pacific  Northwest  and  Northern  Rocky  Mountains. 


Twenty-four  common  species  were  categorized  as  highly  sus- 
ceptible; their  relative  cover  on  campsites  was  much  lower  than 
on  controls  (table  6).  Many  of  these  species  are  shrubs,  sub- 
shrubs,  or  tall,  leafy-stemmed  forbs.  Three  of  these —  Vac- 
cinium  caespitosum  (dwarf  huckleberry),  Arctostaphylos  uva- 
ursi (kinnikinnick),  and  Thalictrum  occidentale  (western 
meadowrue)  are  among  the  most  common  species  on  control 
sites.  Sites  with  these  species  in  abundance  should  be  consid- 
ered highly  susceptible  to  vegetation  loss,  if  used  for  camping. 


Table  5.— Cover  and  frequency  of  common  native  species  that  are  particularly  resistant  to  damage' 


Frequency 

of 

Mean  relative 

occurrence 

Mean 

cover 

cover 

Species 

Camps 

Controls 

Camps 

Controls 

Camps 

Controls 



Number 

Percent  - 

Agosens  glauca 

7 

6 

1  2 

1.7 

1  7 

08 

Agroslis  scabra 

7 

6 

4.3 

4  4 

4  9 

2  3 

Carex  rossii 

14 

6 

5 

1   1 

1  7 

5 

Penstemon  confertus/procerus 

20 

21 

2  4 

4  4 

6  0 

2  0 

Potentilla  gracilis 

11 

7 

2.8 

2  9 

2  7 

1  3 

Smilacina  stellata 

11 

14 

1  0 

3  J 

3  2 

1  5 

Solidago  missounensis 

6 

8 

1  3 

\.A 

5  0 

1.7 

Stipa  occidentalis 

12 

11 

4  9 

13.4 

9  4 

0  2 

Xerophyllum  tenax 

3 

a 

7 

8  4 

94 

52 

"Species  that  are  less  abundant  on  campsites  than  controls,  but  that  have  a  much  higher  relative  cover  on  campsites  Common 
species  are  those  that  are  found  on  at  least  one-fourth  of  the  sample  sites  Means  are  for  all  sites  on  which  the  species  was 
found  — not  all  35  sites.  Some  of  the  Potentilla  gracilis  may  be  P.  recta,  a  nonnative  species. 


Table  6.— Cover  and  frequency  of  common  native  species  that  are  particularly  susceptible  to  trampling  damage* 


Frequency  of 
occurrence 

Mean 

cover 

Mean  relative 
cover 

Species 

Camps 

Controls 

Camps 

Controls 

Camps 

Controls 

Number  - 

Percent  - 

Arctostaphylos  uva-ursi 
Aster  conspicuus 
Campanula  rotundifolia 
Danthoma  intermedia 

5 

it 

4 

3 

18 
19 
14 
11 

0.4 
.5 

1 
2 

11.8 

7.9 
1.6 

6  6 

1  1 

1.3 

.1 

1 

6  7 

39 

.7 

3.0 

Elymus  glaucus 
Epilobium  angustitolium 
Geum  tntlorum 

■1 
8 
4 

9 

18 

7 

2 
2 
2 

6  4 
1  8 

1.3 

3 
2 
2 

3  2 
9 
6 

Juniperus  communis 
Koeleria  cristata 

2 
5 

12 

10 

1 
5 

33 
6  1 

4 
9 

1.7 

3.1 

Lichens 

2 

1(i 

1 

4  2 

1 

2  1 

Linnaea  borealis 
Lithospermum  ruderale 
Lupin  us  sericeus 
Osmorhiza  chilensis 

1 

2 
5 
4 

11 

9 
10 

8 

1 

4 
1 
1 

8  4 
2  2 
4.0 
1.5 

1 
5 
.3 

1 

4  4 

1  0 

2  1 
.6 

Pachistima  myrsinites 
Potentilla  arguta 
Pyrola  secunda 
Rhamnus  alnitolia 

2 

4 
1 
0 

8 
9 
9 

8 

1 
1 
1 
0 

2  9 

2  3 

3  1 
2  0 

2 
2 
8 
0 

1  5 
1.1 

1  5 
1  1 

Senecio  pseudaureus 
Shepherdia  canadensis 
Symphoncarpos  albus 
Thalictrum  occidentale 

10 
0 

13 
9 

17 
11 
16 
21 

4 

0 
6 
4 

6  0 
2.7 

87 
99 

1  2 
0 

2  1 
1  2 

27 
1  4 
4.8 

44 

Vaccinium  caespitosum 
Viola  adunca 

8 
5 

9 
8 

8 
1 

24.1 
1.2 

4  7 
.3 

13.4 

.6 

"Species  with  much  lower  relative  cover  values  on  campsites  than  on  controls.  Common  species  are  those  that  occur  on  at  least 
one-fourth  of  the  sample  sites.  Means  are  for  all  sites  on  which  the  species  was  found— not  all  35  sites 


Table  7  lists  common  species  that  are  neither  resistant  nor 
fragile.  These  include  the  most  common  plants  on  controls, 
mosses,  Calamagrostis  rubescens  (pinegrass),  and  Fragaria  vir- 
giniana  (strawberry),  as  well  as  the  least  susceptible  of  the  com- 
mon shrubby  species,  Berberis  repens  (creeping  Oregon  grape), 
Rosa  sp.  (rose),  and  Spiraea  betulifolia  (shiny-leaf  spirea). 

In  addition  to  removing  vegetative  cover,  trampling  also 
disturbs  organic  horizons,  exposing  the  mineral  soil  beneath. 
Most  control  sites  had  no  exposed  mineral  soil,  while  the  me- 
dian exposure  on  campsites  was  over  7  percent  (table  2).  The 


depth  of  the  organic  horizons  (duff)  decreased  45  percent,  from 
median  values  of  0.8  inches  (2. 1  cm)  on  controls  to  0.5  inches 
(1.2  cm)  on  campsites. 

Trampling  also  compacts  the  soil.  Penetration  resistance  in- 
creased over  70  percent,  from  median  values  of  2.2  kg/cm2  on 
controls  to  3.1  kg/cm2  on  campsites.  Infiltration  rates  were 
reduced  as  a  result  of  this  compaction.  Median  instantaneous 
infiltration  rates  on  campsites  were  less  than  one-third  of  those 
on  controls  and  median  saturated  rates  are  only  one-sixth  of 
those  on  controls. 


Table  7.— Cover  and  frequency  of  common  native  species  that  are  neither  highly  resistant  nor  highly  fragile' 


Frequency  of 

Mean  relative 

occurrence 

Mean 

cover 

cover 

Species 

Camps 

Controls 

Camps 

Controls 

Camps 

Controls 

Number  - 

Percent  - 

Achillea  millefolium 

26 

25 

1.0 

2.9 

1.5 

1.4 

Allium  cernuum 

10 

17 

.7 

3.6 

1.4 

1.7 

Anemone  multifida 

9 

9 

.2 

2.6 

.9 

1.3 

Antennaria  microphyllal 

umbrinella 

11 

19 

.7 

3.4 

1.0 

1.6 

Arnica  cordifolia/latifolia 

9 

14 

.7 

7.8 

4.4 

4.2 

Aster  foliaceous 

12 

10 

1.0 

4.4 

2.4 

2.1 

Berberis  repens 

19 

21 

.6 

6.0 

1.9 

3.2 

Calamagrostis  rubescens 

15 

22 

2.9 

29.7 

8.2 

15.8 

Carex  geyeri 

5 

10 

1.4 

9.5 

3.4 

5.0 

Cirsium  hookeriana 

5 

12 

.4 

2.6 

.7 

1.2 

Disporum  trachycarpum 

3 

7 

.1 

2.0 

1.0 

1.0 

Fragaria  virginiana 

31 

33 

3.1 

14.2 

6.5 

7.1 

Galium  boreale 

18 

22 

1.0 

4.6 

2.3 

2.3 

Gentiana  amarella 

7 

6 

.1 

.9 

.2 

.4 

Heuchera  cylindrica 

6 

6 

.3 

2.0 

.6 

1.1 

Mosses 

21 

23 

3.0 

23.5 

6.2 

10.4 

Rosa  sp. 

15 

18 

1.2 

6.5 

3.1 

3.5 

Sedum  lanceolatum 

6 

6 

.7 

2.1 

.8 

.9 

Senecio  serra 

4 

10 

.3 

1.6 

.5 

.7 

Spiraea  betulifolia 

6 

15 

.6 

8.1 

4.3 

4.6 

'Common  species  are  those  that  occur  on  at  least  one-fourth  of  the  sample  sites.  Means  are  for  all  sites  on  which  the  species 
was  found— not  all  35  sites. 


How  Do  These  Changes  Compare  to  Those 
Found  Elsewhere? 

Changes  on  these  lower  elevation  sites — 4, 100  to  5,500  ft 
(1  250  to  1  675  m) — can  be  readily  compared  with  changes  on 
sites  in  subalpine  forests— 7,050  to  7,800  ft  (2  150  to  2  400  m) 
in  the  Eagle  Cap  Wilderness  in  Oregon  because  similar  methods 
were  used  (Cole  1982).  To  a  lesser  extent  they  can  also  be  com- 
pared with  backcountry  sites  studied  in  detail  in  subalpine 
forests  in  the  River  of  No  Return  Wilderness,  Idaho  (Coombs 
1976),  and  the  Mission  Mountains  Tribal  Wilderness  and  Rat- 
tlesnake Wilderness,  Mont.  (Fichtler  1980),  and  with  low- 
elevation  forested  sites  in  the  Boundary  Waters  Canoe  Area, 
Minn.  (Frissell  and  Duncan  1965;  McCool  and  others  1969).  In 
none  of  these  other  study  areas  is  horse  use  as  predominant  as 
it  is  in  the  Bob  Marshall. 

Disturbance  of  groundcover  on  the  Bob  Marshall  sites  is  gen- 
erally toward  the  lower  bounds  of  the  range  found  in  other 
studies.  The  median  area  devoid  of  vegetation  (14  m2)  is  much 
less  than  the  bare  area  on  Eagle  Cap  sites  (87  m2),  and  the 
66  percent  loss  of  vegetation  is  considerably  less  than  was 


found  on  Eagle  Cap  (87  percent)  or  Boundary  Waters  sites 
(85  percent).  However,  vegetation  loss  was  slightly  higher  than 
was  found  on  sites  in  the  River  of  No  Return  and  Rattlesnake 
Wildernesses.  Thus  the  hypothesis  that  lower  elevation  sites  in 
the  Bob  Marshall,  with  longer  growing  seasons,  might  be 
notably  more  resistant  to  vegetation  damage  than  subalpine 
forests  is  incorrect.  Instead  there  was  more  variation  in 
resistance  between  plant  communities  within  an  elevational  zone 
than  between  elevation  zones.  Subalpine  forests  with  under- 
stories  dominated  by  Xerophyllum  tenax,  as  in  the  Rattlesnake 
Wilderness,  are  much  more  resistant  than  those  with  under- 
stories  dominated  by  Vaccinium  scoparium,  as  in  the  Eagle  Cap 
Wilderness.  In  the  Bob  Marshall,  several  grassland  sites  lost  less 
than  20  percent  of  their  cover,  while  many  of  the  forested  sites 
with  fragile  understories  lost  more  than  80  percent  of  their 
cover. 

Despite  the  moderately  low  loss  of  vegetation  cover,  the 
change  in  species  composition  on  Bob  Marshall  sites  has  been 
more  dramatic  than  has  been  documented  elsewhere.  The  inva- 


sion  of  introduced  species  has  been  particularly  pronounced. 
Exotics  constitute  almost  15  percent  of  the  campsite  flora  and 
are  the  most  abundant  species  on  most  campsites.  This  invasion 
of  exotics  is  promoted  by  heavy  use  of  packstock  (manure  and 
feed  are  important  seed  sources)  and  is  generally  lacking  on 
subalpine  forest  sites. 

The  elimination  of  essentially  all  tree  seedlings  on  campsites 
is  a  finding  common  to  all  studies  and  attests  to  the  extreme 
vulnerability  of  tree  seedlings  to  trampling  damage. 

The  increase  in  exposed  mineral  soil  on  Bob  Marshall  camp- 
sites is  similar  to  that  found  on  Mission  Mountains  sites  (6  per- 
cent), but  is  considerably  less  than  that  found  elsewhere 
(15  percent  in  the  Boundary  Waters  to  25  percent  in  the  Eagle 
Cap).  The  percentage  of  reduction  in  duff  depth  (relative 
change)  is  also  somewhat  less — 45  percent  in  comparison  to 
51  percent  on  Eagle  Cap  sites  and  60  to  65  percent  on  Bound- 
ary Waters  sites.  More  duff  has  been  removed  (absolute 
change)  from  the  Bob  Marshall  sites,  however,  than  from  the 
Eagle  Cap  sites— 0.28  inches  (0.7  cm)  compared  to  0. 12  inches 
(0.3  cm).  Apparently,  more  organic  matter  is  lost  from  the  Bob 
Marshall  sites,  but  because  the  organic  horizons  are  so  thick  to 
start  out  with,  exposure  of  mineral  soil  is  much  less. 

In  the  Bob  Marshall  wilderness,  penetration  resistance  typ- 
ically increased  71  percent,  which  is  less  than  has  been  found 
elsewhere:  Rattlesnake,  89  percent;  Mission  Mountains,  139 
percent;  and  Boundary  Waters,  220  percent.  This  may  reflect 
the  cushioning  effect  of  thicker  organic  horizons  or,  more  like- 
ly, it  merely  reflects  inherent  differences  in  soil  characteristics. 
For  example,  undisturbed  sites  in  the  Bob  Marshall  have  a 
higher  penetration  resistance  than  the  campsites  in  the  Mission 
Mountains. 

Reductions  in  infiltration  rates,  perhaps  the  most  meaningful 
measure  of  the  effects  of  soil  compaction,  are  more  pro- 


nounced on  Bob  Marshall  sites  than  on  Eagle  Cap  sites.  Both 
instantaneous  and  saturated  rates  on  Eagle  Cap  campsites  were 
still  more  than  one-half  of  the  rates  on  controls.  In  contrast, 
instantaneous  rates  on  the  Bob  Marshall  campsites  were  less 
than  one-third  of  controls  and  saturated  rates  on  campsites 
were  one-sixth  of  controls. 

Although  disturbance  of  ground  vegetation  and  soil  is  neither 
unusually  high  nor  unusually  low,  the  large  size  of  the  Bob 
Marshall  sites  and  the  amount  of  tree  damage  is  unique.  The 
size  of  the  disturbed  area  on  the  median  Bob  Marshall  site 
(4,360  ft!;  405  m:)  is  about  twice  the  size  of  sites  in  the  Eagle 
Cap  (2,077  ft2;  193  nr)and  Boundary  Waters  (2,830  ft:; 
263  m').  The  size  of  the  area  used  for  cooking  and  camping  is 
similar  in  all  three  areas;  the  difference  is  the  addition,  in  the 
Bob  Marshall,  of  a  large  area  disturbed  by  stock. 

Given  the  character  of  use  in  the  area — two-thirds  of  the 
parties  have  stock— this  may  be  unavoidable.  But  the  high  level 
of  tree  damage  on  these  sites  is  avoidable.  The  percentage  of 
damaged  trees  on  the  campsites  is  comparable  to  other  situa- 
tions. In  fact,  the  percentage  of  trees  that  have  been  felled  is 
less  than  on  Eagle  Cap  sites.  It  is  the  number  of  damaged  trees 
that  is  so  high  on  Bob  Marshall  sites.  Compared  to  a  median 
of  12  damaged  trees  per  site  in  the  Eagle  Cap,  the  median  Bob 
Marshall  site  had  63  damaged  trees  and  one  site  had  about  500. 
The  median  Eagle  Cap  site  had  4  felled  trees  and  3  trees  with 
exposed  roots.  Median  values  for  the  Bob  Marshall  sites  were 
15  felled  trees  and  28  trees  with  exposed  roots  (fig.  4  and  5). 
This  high  level  of  damage  is  a  result  of  tying  horses  to  trees 
and  felling  trees  for  tent  poles — practices  that  are  unusually 
prevalent  in  the  Bob  Marshall — as  well  as  collecting  firewood 
from  standing  trees  and  malicious  or  thoughtless  chopping  of 
trees — practices  that  are  also  common  in  other  areas. 


Figure  4.— The  large  number  of  trees  felled  on  this  campsite  is  typical  of  Bob  Marshall  sites. 
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Figure  5.— Exposure  of  tree  roots  is  unusually  pronounced  on  most  Bob  Marshall  campsites 
and  persists  even  when  ground  vegetation  has  recovered. 


How  Do  Impacts  on  Backpacker,  Horse,  and 
Outfitter  Camps  Compare? 

Elsewhere  I  have  suggested  that  the  type  of  use  a  site  receives 
and  the  behavior  of  the  campers  that  use  it  will  usually  have 
more  effect  on  amount  of  damage  than  how  many  people  use 
the  site  (Cole  1981a).  To  some  extent  this  is  illustrated  by  certain 
types  of  impact  being  unusually  pronounced  on  Bob  Marshall 
sites  despite  rehtively  low  levels  of  use  compared  to  Eagle  Cap 
and  Boundary  Waters  sites.  The  importance  of  type  of  use  is 
also  suggested  by  a  comparison  of  the  condition  of  the  back- 
packer, horse,  and  outfitter  sites  that  were  examined. 

Before  reporting  the  data,  it  is  important  to  stress  their 
limitations.  Differences  in  campsite  condition  cannot  be  at- 
tributed entirely  to  differences  in  type  of  use.  Amount  of  use 
differed  greatly,  with  many  horse  camps  receiving  more  use 
than  outfitter  camps,  which  received  more  use  than  the  back- 
packer camps.  The  inherent  ability  of  the  sites  to  resist  damage 


also  varied.  Generally,  outfitter  camps  were  located  on  most 
resistant  sites  and  backpacker  camps  were  located  on  least 
resistant  sites.  Finally,  some  backpackers  and  outfitters  use 
private  horse  camps,  and  some  backpackers  and  private  horse 
parties  use  outfitter  camps.  Nevertheless,  the  nature  of  the  dif- 
ferences between  these  types  of  sites  suggests  that  the  predomi- 
nant type  of  use  each  site  receives  is  the  major  determinant  of 
amount  of  impact. 

Campsite  area  is  smallest  on  backpacker  sites  (fig.  6),  being 
generally  less  than  one-third  the  size  of  other  sites  (table  8). 
This  difference  is  primarily  a  result  of  fewer  large  backpacking 
parties.  The  lack  of  a  significant  difference  in  the  camp  area  of 
horse  and  outfitter  camps  is  misleading  because  outfitter  camps 
consisted  of  many  dispersed  tent  sites  that  were  generally  not 
included  in  the  camp  area  measure.  Differences  in  bare  area  are 
not  significantly  different,  but  none  of  the  backpacker  sites  had 
the  large  bare  area  that  a  few  of  the  horse  and  outfitter  sites 
did. 
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Figure  6.— A  relatively  small  campsite  mainly  used  by  backpackers. 


Table  8.— Size  of  disturbance  in  relation  to  type  of  use* 


Camp  area 


Bare  area 


Disturbed  area 


Type  of  use       Median  Range  Median  Range  Median 


Range 


Square   meters  — 

Backpacker 

76 

58-175    a 

3              2-34         a 

Horse 

251 

200-404    b 

13              5-291        a 

Outfitter 

233 

145-443    b 

14              0-100       a 

a 

76 

58-175         a 

a 

456 

200-1,204      b 

a 

3,143 

408-10,600    c 

"Any  two  sets  of  median  and  range  values  followed  by  the  same  letter  are  not  significantly  different  at  the 
95  percent  confidence  level,  using  the  randomization  test  for  two  independent  samples 
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The  most  pronounced  differences  are  in  the  size  of  the  dis- 
turbed area— the  camp  area  plus  other  discontinuous  disturbed 
areas.  The  median  horse  camp  is  6  times  larger  than  the  median 
backpacker  site.  The  median  outfitter  camp  is  7  times  larger 
than  the  horse  camps  and  41  times  larger  than  the  backpacker 
camps.  These  differences  result  from  differences  in  party  size 
(outfitter  groups  are  generally  larger  than  private  horse  groups, 
which  are  larger  than  backpacker  groups),  the  addition  of  an 
area  damaged  by  stock  on  the  horse  and  outfitter  camps,  and  a 
Forest  Service  policy  of  spreading  out  facilities  on  outfitter  sites 
(fig.7). 

Tree  seedling  loss  is  generally  100  percent  regardless  of  the 
type  of  use  (table  9).  Damage  to  mature  trees,  however,  is  con- 
siderably more  extensive  on  horse  and  outfitter  sites.  Essentially 


all  trees  on  the  campsites  are  damaged,  but  the  number  of  such 
trees  increases  from  a  median  of  5  on  backpacker  sites  to  56  on 
horse  sites  and  100  on  outfitter  sites.  A  similar  pattern  applies 
to  numbers  of  felled  trees  and  trees  with  exposed  roots,  except 
that  for  these  parameters  the  percentage  of  trees  damaged  is 
also  lower  on  backpacker  sites.  Differences  between  horse  and 
outfitter  sites  are  not  consistent  enough  to  be  statistically 
significant.  The  differences  between  backpacker  sites  and  other 
sites  are  a  function  of  size  of  the  campsite,  the  need  to  hold 
stock  on  or  adjacent  to  horse  and  outfitter  camps,  and  the 
damaging  practices  of  tying  horses  to  trees  and  felling  trees  for 
tent  poles  (generally  not  done  by  backpackers  because  they 
carry  their  own  tent  poles)  or  for  firewood. 


Figure  7.— Semipermanent  tent  frames,  woodpile,  and  kitchen  facilities 
typical  of  outfitters'  camp. 


Table  9.— Tree  damage  on  campsites  in  relation  to  type  of  use* 


Seedling  loss 


Type  of  use       Median 


Damaged  trees 


Felled  trees 


Trees  with 
exposed  roots 


Range         Median 


Range         Median 


Range        Median 


Range 


Percent 

Backpacker          100                   100    a  5 

Horse                    100             92-100    a  56 

Outfitter                100                   100    a  100 


Number  of  trees  in  disturbed  area 

3-29      a  0  0-8        a  1  0-4        a 

21-180    b  8  0-33      b  25  10-38      b 

23-500    b  15  3-250    b  37  13-100    b 


'Any  two  sets  of  median  and  range  values  followed  by  the  same  letter  are  not  significantly  different  at  the  95  percent  confi- 
dence level,  using  the  randomization  test  for  two  independent  samples.  Seedling  loss  is  relative  change. 
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As  was  the  case  with  bare  area  and  seedling  loss,  there  are 
no  significant  differences  between  backpacker,  horse,  and  out- 
fitter camps  in  the  amount  of  surviving  vegetation  cover 
(table  10).  There  are  also  no  differences  in  absolute  or  relative 
vegetation  change.  There  are,  however,  some  small,  but  statis- 
tically significant,  differences  in  the  amount  of  change  in 
species  composition.  Backpacker  sites  have  experienced  less 
change  than  horse  sites.  Outfitter  sites  have  the  highest  floristic 
dissimilarity  value  (76  percent),  but  they  cannot  be  distin- 
guished statistically  from  either  backpacker  or  horse  sites. 

The  most  pronounced  vegetational  difference  is  in  the  degree 
to  which  these  sites  have  been  colonized  by  introduced  and  an- 
nual species  (table  11).  Introduced  species  account  for  only 
5  percent  of  the  cover  on  backpacker  sites  compared  with 
43  percent  on  horse  sites  and  61  percent  on  outfitter  sites.  An- 
nuals, which  are  very  rare  in  undisturbed  places,  are  absent  on 
most  backpacker  and  horse  sites  but  comprise  17  percent  of  the 
cover  on  outfitter  sites. 


Soil  exposure  generally  increases  from  backpacker  sites 
(5  percent)  to  horse  (9  percent)  and  outfitter  sites  (33  percent). 
This  corresponds  with  a  gradient  in  duff  depth  from  back- 
packer sites  (0.9  in,  2.2  cm)  to  horse  (0.5  in,  1.2  cm)  and  outfit- 
ter sites  (0. 1  in;  0.2  cm)  (table  12).  On  Eagle  Cap  campsites, 
these  are  the  types  of  change  that  were  most  aggravated  by  in- 
creases in  amount  of  use.  Thus  these  differences  may  reflect 
heavier  use  of  horse  and  outfitter  sites  as  well  as  differences  in 
type  of  use. 

Differences  in  penetration  resistance  on  the  three  types  of 
sites  were  not  statistically  significant.  Penetration  resistance 
values  were  highest  on  horse  sites,  and  this  difference  is 
reflected  in  significantly  slower  infiltration  rates  on  horse  sites 
than  on  either  backpacker  or  outfitter  sites.  All  of  these  differ- 
ences between  types  of  sites  are  less  pronounced  than  differ- 
ences between  any  of  these  sites  and  controls,  however. 


Table  10.— Groundcover  conditions  on  campsites  in  relation  to  type  of  use* 


Vegetation  cover  Floristic  dissimilarity 


Soil  exposure 


Type  of  use       Median 


Range  Median  Range  Median 


Range 


Percent 

Backpacker  26  10-59       a  62  31-72    a  4.6  0.7-13.3      a 

Horse  33  6-45        a  69  63-89     b  9.3  .7-39.1       b 

Outfitter  30  13-80        a  76  48-97     a,b         32.9  11.9-44.5       c 


'Any  two  sets  of  median  and  range  values  followed  by  the  same  letter  are  not  significantly  different  at  the 
95  percent  confidence  level,  using  the  randomization  test  for  two  independent  samples. 

Table  11.— Relative  cover  of  introduced  and  annual  species  in  relation  to  type  of  use* 


Introduced  species 


Annual  species 


Type  of  use 


Median     Range 


Median    Range 


Backpacker 

Horse 

Outfitter 


5 

1-14   a 

0 

0-4     a 

43 

0-58  b 

1 

0-9     a 

61 

15-82   c 

17 

1-60  b 

"Any  two  sets  of  median  and  range  values  followed  by  the  same  letter  are  not  significantly  different  at  the 
95  percent  confidence  level,  using  the  randomization  test  for  two  independent  samples. 


Table  12.— Soil  condition  on  campsites  in  relation  to  type  of  use* 


Infiltration  rates 


Duff  Depth 


Penetration  resistance 


Instantaneous 


Saturated 


Type  of  use      Median 


Range        Median 


Range  Median  Range        Median 


Range 


Backpacker 

Horse 

Outfitter 


2.2 

1.2 
.2 


cm 


1.1-4.4 
.1-2.1 
.1-.5 


2.6 
40 
3.6 


kg/cm2 

2.3-4.3  a 
2.1->4.5  a 
3.1-4.2       a 


1.0 

.1 


cmlmin  -- 

0.5-3.3  a  0.3 
.1-.5  b  .07 
.1-1.5  a  .2 


0.2-0.7  a 
.04-. 1  b 
03-.6      a 


*Any  two  sets  of  median  and  range  values  followed  by  the  same  letter  are  not  significantly  different  at  the  95  percent  confi- 
dence level,  using  the  randomization  test  for  two  independent  samples. 
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MANAGEMENT  IMPLICATIONS 

My  initial  hypothesis  that  impacts  on  these  relatively 
low-elevation  campsites  might  be  much  less  severe  than  those 
found  elsewhere  proved  to  be  false.  Impacts  resulting  from 
trampling — loss  of  vegetation  cover  and  organic  horizons,  and 
compaction  of  soil — were  not  very  different  from  what  has 
been  found  elsewhere.  Vegetation  loss  is  moderately  low,  but 
this  is  a  result  of  the  dramatic  colonization  of  these  sites  by 
nonnative  species.  The  situation  is  similar  to  many  auto  camp 
and  picnic  areas,  where  loss  of  vegetation  cover  is  reduced  by 
an  invasion  of  introduced  species  (LaPage  1967;  Brown  and 
others  1977).  Exposure  of  mineral  soil  is  also  low,  but  this 
reflects  unusually  thick  organic  horizons  to  start  with.  The 
amount  of  organic  material  lost  as  a  result  of  trampling  is  as 
great  here  as  elsewhere. 

Instead  these  sites  proved  in  some  ways  to  be  damaged  to  an 
unusually  high  degree,  primarily  as  a  result  of  the  high  propor- 
tion of  large  parties  with  stock  and  the  prevalence  of  certain 
camping  practices.  For  individual  campsites,  as  opposed  to 
campgrounds  composed  of  numerous  clustered  sites,  these 
camping  areas  are  unusually  large,  and  they  have  experienced 
exceptionally  widespread  tree  damage. 

A  certain  amount  of  this  damage  must  be  accepted.  In  fact, 
the  largest  campsites  are  the  outfitter  camps  and  a  major 
reason  for  their  large  size  is  a  Forest  Service  policy  that  encou- 
rages outfitters  to  spread  their  facilities.  Aside  from  reevalu- 
ating this  policy,  the  only  ways  to  reduce  the  size  of  these  areas 
are  to  cut  back  on  party  size  (current  party  size  limits  are  15 
hikers  or  riders  and  35  head  of  stock)  and  to  provide  smaller 
holding  areas  for  stock — hitchrails  or  corrals.  This  latter  sug- 
gestion is  likely  to  be  most  effective,  particularly  in  areas  that 
are  frequently  used.  It  would  have  the  added  positive  effect  of 
reducing  the  need  to  tie  stock  to  trees,  thereby  cutting  back  on 
the  exposure  of  tree  roots.  More  visitors  to  the  Bob  Marshall 
considered  pole  corrals  to  be  desirable  than  undesirable  (Lucas 
1980),  and  they  have  already  been  built  in  certain  areas.  On  the 
other  hand,  they  should  be  built  only  where  absolutely  neces- 
sary because  over  one-third  of  the  visitors  surveyed  considered 
them  to  be  undesirable. 

Much  of  the  trampling  damage  must  also  be  accepted. 
Damage  to  vegetation  and  soil  is  only  moderate  and  is  the 
inevitable  result  of  use.  Vegetation  loss,  in  particular,  is  as  pro- 
nounced on  backpacker  sites  as  on  horse  camps.  Because  back- 
packer sites  are  less  frequently  used  than  horse  sites,  this 
suggests  that  neither  reducing  amount  of  use  nor  changing  type 
of  use  is  likely  to  substantially  reduce  trampling  damage.  The 
most  effective  means  of  minimizing  these  impacts  is  to  in- 
fluence where  people  camp. 

Of  the  campsites  examined,  trampling  damage  was  least  pro- 
nounced on  the  grassland  sites.  The  median  vegetation  loss  on 
seven  campsites  located  either  in  grasslands  or  open  forests  with 
a  grassy  understory  was  only  20  percent;  the  greatest  loss  on  a 
grassy  site  was  only  48  percent.  In  contrast,  the  median  loss  on 
six  sites  located  on  the  Abies  lasioearpa/Linnaea  burealis 
(subalpine  fir/twinflower)  habitat  type  (Pfister  and  others  1977) 
was  62  percent,  and  on  seven  sites  located  on  the  Pseudotsuga 
nwnziesii/Symphoricarpos  albus  (Douglas-fir/snowberry) 
habitat  type  was  66  percent.  Vegetation  loss  was  particularly 
pronounced  on  the  Abies  lasiocarpa/Vaccinium  caespitosum 
(subalpine  fir/dwarf  huckleberry)  habitat  type;  the  median  loss 
on  7  sites  was  84  percent.  Thus  grassland  sites  here,  as 
elsewhere  (Weaver  and  Dale  1978;  Cole  1981b),  are  the  most 


resistant  to  damage  (fig.  8).  The  lists  of  resistant  and  sensitive 
species  (tables  5-7)  can  be  used  to  judge  site  resistance. 

In  areas  that  are  frequently  used,  impacts  might  be  mini- 
mized by  encouraging  camping  on  already  well-worn  sites.  It  is 
particularly  important  for  parties  with  a  high  potential  for 
causing  damage — parties  that  are  large,  have  packstock,  and 
build  campfires — to  use  well-worn  sites  rather  than  create  new 
campsites.  As  mentioned  before,  in  some  popular  areas  build- 
ing hitchrails  or  a  corral  would  concentrate  stock  damage 
within  a  campsite.  In  such  areas,  choosing  a  campsite  in  a 
resistant  location  is  less  important  than  using  existing  campsites 
and  choosing  sites  that  are  out  of  the  way  of  other  parties. 
Campers  should  still  avoid  particularly  sensitive  sites,  however. 

In  less  frequently  used  areas,  impacts  might  be  minimized  by 
encouraging  parties  to  spread  out  among  a  large  number  of 
resistant  campsites  so  that  no  site  is  used  often  enough  to  show 
evidence  of  use.  This  is  particularly  effective  in  grasslands  or  on 
areas  without  vegetation — sites  that  are  resistant  to  damage. 
Visitors  should  be  able  to  select  sites  that  show  no  evidence  of 
previous  use  and  to  leave  little  trace  of  their  having  used  the 
site.  Parties  that  are  not  prepared  to  do  this  should  use  well- 
worn  sites.  Obviously  used  but  lightly  impacted  sites  should  be 
avoided  because  they  will  deteriorate  quickly  with  increased 
use. 

In  the  Bob  Marshall,  damage  to  trees  is  more  serious  than 
trampling  damage.  This  damage  is  avoidable  and  unnecessary. 
Visitors  should  be  educated  so  that  they  will  not  (1)  hack  and 
carve  trees,  hammer  nails  into  trees,  or  break  off  branches  for 
firewood;  (2)  cut  down  standing  trees — dead  or  alive;  or  (3)  tie 
stock  to  trees.  These  are  the  actions  that  have  damaged  Bob 
Marshall  sites  to  an  unusual  extent. 


Figure  8.— Early-season  photograph  il- 
lustrating yearly  vegetation  recovery  on 
resistant  grassland  campsites. 
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The  purpose  of  not  doing  these  things  is  to  leave  as  little 
evidence  of  human  use  as  possible.  The  ecological  effects  of 
tree  damage  are  not  highly  significant.  Very  few  trees  are  mor- 
tally wounded  and  the  number  of  trees  damaged,  when  com- 
pared to  all  the  other  trees,  is  of  little  significance.  The  prob- 
lem is  that  at  almost  every  campsite  there  is  abundant  evidence 
of  use  and  what  many  consider  to  be  abuse.  Given  the  intent 
and  spirit  of  the  Wilderness  Act,  to  preserve  natural  conditions, 
"with  the  imprint  of  man's  work  substantially  unnoticeable," 
every  visitor  should  strive  to  avoid  leaving  evidence  of  his 
presence. 

Hacking  or  felling  trees  is  prohibited  in  many  wildernesses. 
Hacking  trees,  like  littering  and  other  thoughtless  behavior,  can 
be  reduced  by  telling  people  why  they  should  not  do  it.  Nails 
are  hammered  into  trees  to  provide  campsite  conveniences,  such 
as  clotheslines  and  places  to  hang  things.  It  will  probably  be 
difficult  to  convince  visitors  that  such  conveniences  are  not  ap- 
propriate in  wilderness.  The  same  is  true  of  breaking  branches 
off  trees  or  felling  standing  trees  for  firewood.  Visitors  will 
need  to  accept  the  inconvenience  of  walking  a  bit  farther  to 
find  downed  wood  rather  than  deface  standing  trees. 

It  will  be  even  more  difficult  to  change  the  time-honored 
practices  of  felling  trees  for  tent  poles  and  tying  horses  to  trees. 
Such  practices  did  not  create  serious  problems  when  few  parties 
ventured  into  the  woods.  In  recent  years,  the  need  to  minimize 
the  impacts  resulting  from  these  practices  has  been  well  recog- 
nized, but  managing  agencies  have  had  little  success  in  control- 
ling them. 

Several  wildernesses  prohibit  both  of  these  practices.  In  the 
Bob  Marshall,  where  this  camping  style  is  traditional,  education 
is  probably  a  more  appropriate  vehicle  for  change.  Many 
parties  could  probably  be  convinced  to  use  the  standard  light- 
weight tents  that  are  used  by  backpackers  and  are  prevalent  in 
most  wildernesses.  Although  they  provide  fewer  of  the  com- 
forts of  home,  they  are  lighter  and  more  compact  than  canvas 
tents.  Where  condoned  by  the  Forest  Service,  poles  should  be 
stored  in  plain  sight,  so  others  will  not  cut  new  ones.  For  this 
to  work,  other  users  need  to  be  taught  that  cutting  and  storing 
poles  is  appropriate  in  the  area,  so  they  should  not  be  thrown 
away  or  burned  for  firewood.  This  may  be  difficult  since  in 
most  other  areas  visitors  have  been  taught  that  this  is  not 
appropriate.  People  felling  trees  for  poles  should  cut  them 
away  from  camps  and  trails  where  the  stumps  that  remain  are 
not  visually  obtrusive. 

I  have  suggested  that  providing  corrals  or  hitchrails  at  the 
most  popular  campsites  would  partly  solve  problems  resulting 
from  tying  stock  to  trees  (fig.  9).  These  have  already  been  built 
in  a  few  places  in  the  Bob  Marshall.  While  such  facilities  do 
provide  a  visitor  convenience,  they  are  primarily  there  for 
resource  protection  and  can  be  justified  on  those  grounds. 

If  such  facilities  are  provided,  it  might  also  be  desirable  to 
inform  visitors,  both  at  trailheads  and  on  maps,  of  where  these 
facilities  are  located.  This  information  will  allow  people  that 
are  bothered  by  such  facilities  to  go  elsewhere  or  at  least  to 


^^^teflES 

ii£*m& 

■ '.  1 

Figure  9.— Hitchrails  confine  packstock  trampl- 
ing to  a  small  area  and  avoid  damage  resulting 
from  tying  stock  to  trees. 

know  what  to  expect.  It  will  also  direct  novices  to  these  sites. 
This  is  particularly  important  because  novices,  especially  those 
with  stock  that  have  had  little  experience  with  wilderness  travel, 
have  the  greatest  potential  to  inflict  damage.  Although  total  use 
of  the  site  is  likely  to  increase,  per  capita  impact  on  the  site 
should  be  reduced  by  the  protective  facilities  provided  and  un- 
protected sites  elsewhere  will  be  used  less  frequently.  Protective 
measures  may  need  to  be  taken,  however,  to  mitigate  other  ef- 
fects of  increased  use,  such  as  increased  litter  or  human  waste 
problems. 

In  most  places,  such  facilities  cannot  be  provided.  Stock  par- 
ties visiting  such  areas  should  be  prepared  to  use  restraining 
techniques  other  than  tying  horses  to  trees.  Miller  (1974)  and 
the  USDA  Forest  Service  ( 1981 )  provide  excellent  suggestions 
on  effective  stock-holding  techniques  that  have  less  impact  on 
the  land.  Hobbling  is  the  best  technique  if  stock  are  properly 
trained.  Stock  can  also  be  tied  with  halter  ropes  to  a  hitchline 
tied,  above  the  horse's  head,  between  two  trees.  If  a  cut  pole  is 
available,  a  hitchrail  can  be  made  by  tying  the  pole  between 
two  trees.  Picketing  and  staking  are  potentially  damaging;  these 
practices  should  be  avoided  unless  great  care  is  taken  to  avoid 
trampling  damage  and  overgrazing. 

The  keys  to  improved  management  of  campsite  impacts  in 
the  Bob  Marshall  are  in  decreasing  order  of  importance,  edu- 
cating visitors  on  minimum  impact  camping  techniques,  influ- 
encing where  people  camp,  and  providing  stock-holding  facil- 
ities in  selected  locations.  Limiting  use  would  contribute  little  to 
improvement  in  conditions,  although  a  reduction  in  party  size, 
particularly  in  the  allowable  number  of  stock,  could  lead,  in 
time,  to  a  significant  reduction  in  the  size  of  these  large  camp- 
sites. With  such  programs  in  place,  it  should  be  possible  to 
avoid  further  tree  damage  and  to  confine  serious  trampling 
damage  to  the  few  frequently  used  places  where  such  damage 
cannot  be  avoided.  Nevertheless,  the  effectiveness  of  any  pro- 
gram implemented  should  be  evaluated  by  making  periodic 
inventories  of  the  number  of  campsites  and  their  condition. 
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APPENDIX 

Cover  and  frequency  of  uncommon  species  on  campsites  and  controls. 


Frequency  of 

Mean  relative 

occurrence 

Mean 

cover 

cover 

Species 

Camps 

Controls 

Camps 

Controls 

Camps 

Controls 

Number  - 

Percent  - 

Acer  glabrum 

0 

1 

0.0 

1.0 

0.0 

0.7 

Actaea  rubra 

0 

2 

0 

1.0 

0 

.5 

Agastache  urticifolia 

0 

1 

0 

10.0 

0 

5.3 

Agropyron  caninum 

5 

5 

1.5 

3.1 

19 

1.5 

Agropyron  spicatum 

1 

1 

3 

5.0 

9 

29 

Agrostis  exarata 

0 

1 

0 

3.0 

.0 

1.1 

Amelanchier  alnifolia 

1 

6 

3 

2.3 

2.9 

1.6 

Angelica  arguta 

1 

4 

1 

2.3 

2 

1.0 

Antennaria  racemosa 

3 

5 

.3 

2.7 

8 

1.3 

Apocynum  androsaemifolium 

0 

2 

0 

7.0 

0 

4.0 

Arabis  holboellii 

2 

1 

1 

3 

2 

2 

Arenaria  congesta 

1 

1 

1.2 

4.0 

1  3 

2.1 

Arenaria  macrophylla 

2 

5 

.3 

3.0 

22 

1.4 

Artemisia  ludoviciana 

0 

1 

0 

5.0 

.0 

1  9 

Artemisia  trident  at  a 

0 

1 

0 

1.0 

.0 

4 

Aster  ch  Hen  sis 

2 

4 

4 

4  3 

1.0 

2.2 

Aster  laevis 

1 

2 

7 

4.5 

1.7 

2.3 

Aster  modestus 

0 

1 

0 

50 

0 

2  2 

Astragalus  alpmus 

4 

2 

2 

24 

6 

1  1 

Astragalus  robbinsu 

0 

4 

0 

2.0 

0 

1.1 

Bromus  carinatus 

0 

4 

0 

11.5 

.0 

75 

Bromus  vulgaris 

4 

7 

1.0 

89 

3.8 

40 

Calamagrostis  canadensis 

0 

2 

0 

6.5 

.0 

2.7 

Calochortus  apiculatus 

3 

6 

.5 

2.0 

.6 

1  0 

Car  ex  concinnoides 

3 

9 

.1 

2.3 

3 

1  2 

Carex  tilifolia 

1 

0 

5.3 

0 

4.2 

0 

Carex  hoodii 

5 

2 

3.9 

6  0 

3.9 

3.4 

Carex  limnophila 

1 

0 

1  1 

.0 

1  4 

0 

Carex  microptera 

3 

1 

1.8 

3.3 

24 

1.3 

Carex  xerantica 

1 

0 

1.3 

.0 

1  8 

.0 

Castilleja  mini  at  a 

1 

1 

1 

1.0 

2 

.6 

Ceanothus  velutinus 

0 

1 

0 

1.0 

.0 

.3 

Chimaphila  umbellata 

0 

3 

0 

10 

0 

7 

Clematis  ligusticifolia 

3 

4 

.7 

2.6 

1.9 

1  1 

Clintonia  uni flora 

0 

1 

0 

25.0 

0 

14.4 

Collomia  linearis 

2 

2 

.7 

1.0 

8 

.5 

Corydalis  aurea 

1 

0 

.1 

0 

1.1 

.0 

Crepis  atrabarba 

2 

2 

5.6 

80 

5.9 

4.9 

Deschampsia  elongata 

2 

2 

0.7 

2  7 

1.7 

1  0 

Epilobium  watsonii 

2 

2 

1 

.5 

3 

.3 

Equisetum  arvense 

3 

4 

6 

14.0 

4.1 

5.5 

Equisetum  hyemale 

0 

1 

.0 

2.0 

0 

1.1 

Equisetum  laevigatum 

1 

1 

.3 

10.0 

.5 

4.3 

Erigeron  compositus 

1 

0 

1.0 

.0 

8 

.0 

Erigeron  glabellus 

2 

1 

.7 

1.5 

1.0 

1.0 

Erigeron  speciosus 

6 

6 

.6 

2.1 

1  0 

1.1 

Eriogonum  umbellatum 

2 

4 

.4 

2.0 

.4 

.9 

Erythronium  grandiflorum 

4 

3 

.5 

2.0 

4.6 

1.0 

Festuca  idahoensis 

2 

4 

1.6 

5.4 

1  3 

2.2 

Festuca  occidentalis 

0 

1 

0 

25.0 

0 

13.4 

Festuca  scabrella 

1 

6 

.1 

11.2 

1 

5.9 

Gaillardia  aristata 

0 

2 

0 

1.0 

0 

.5 

Galium  triflorum 

1 

5 

.1 

2.8 

.3 

1.2 

Gentiana  calycosa 

0 

2 

.0 

1  0 

.0 

5 

Geranium  viscosissimum 

4 

4 

.2 

2.2 

5 

9 

Geum  macrophyllum 

4 

3 

.5 

2.4 

1.1 

1.1 

Goodyera  oblongifolia 

0 

3 

0 

1.3 

.2 

6 

Habenaria  unalascensis 

0 

1 

.0 

2.0 

.0 

.7 
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Frequency  of 

Mean  relative 

i 

occurrence 

Mean 

cover 

cover 

Species 

Camps          Controls 

Camps 

Controls 

Camps 

Controls 

Number 

Percent  - 

Hedysarum  boreale 

1 

1 

.1 

7.0 

.2 

3.0 

Hedysarum  occidentale 

0 

1 

.0 

3.0 

.0 

1.7 

Heracleum  lanatum 

0 

5 

.0 

4.0 

.0 

2.1 

Hieracium  albertinum 

2 

4 

.3 

1.4 

.4 

.7 

Hieracium  albiflorum 

4 

3 

.8 

1.0 

1.4 

.7 

Juncus  balticus 

1 

0 

.1 

.0 

1.1 

.0 

Juncus  confusus 

1 

2 

.1 

1.0 

.1 

.4 

Lomatium  triternatum 

2 

1 

.2 

1.0 

.2 

.4 

Lonicera  involucrata 

0 

3 

.0 

6.3 

.0 

3.3 

Lonicera  utahensis 

0 

5 

.0 

3.2 

.0 

1.5 

Luzula  campestris 

1 

0 

3.7 

.0 

2.9 

.0 

Luzula  hitchcockii 

0 

1 

.0 

4.0 

.0 

2.8 

Melampyrum  lineare 

0 

1 

.0 

1.0 

.0 

.8 

Melica  subulata 

1 

3 

.1 

3.0 

.1 

1.4 

Menziesia  ferruginea 

0 

4 

.0 

7.8 

.0 

5.0 

Mitel  la  brewer  i 

0 

2 

.0 

3.0 

.0 

1.6 

Mitel  la  nuda 

0 

1 

.0 

10.0 

.0 

3.9 

Muhlenbergia  filiformis 

1 

1 

1.5 

5.0 

1.9 

2.0 

Osmorhiza  occidentalis 

2 

2 

1.7 

1.0 

2.2 

.4 

Oxytropis  campestris 

1 

1 

7.1 

1.0 

5.8 

.3 

Oxytropis  splendens 

1 

0 

.2 

.0 

.3 

.0 

Pedicularis  contort  a 

0 

2 

0.0 

3.5 

0.0 

1.7 

Phleum  alpinum 

1 

0 

.9 

.0 

.7 

.0 

Poa  juncifolia 

1 

0 

8.3 

.0 

11.3 

.0 

Poa  nervosa 

1 

1 

.5 

15.0 

1.8 

8.7 

Poa  sandbergii 

0 

1 

.0 

8.0 

.0 

3.0 

Polemonium  pulcherrimum 

2 

1 

1.7 

1.0 

11.4 

.6 

Potent  ilia  fruticosa 

1 

7 

.3 

4.0 

.4 

2.0 

Prunus  virginiana 

0 

1 

.0 

3.0 

.0 

1.2 

Pyrola  chlorantha 

1 

2 

.1 

4.5 

.3 

2.5 

Pyrola  picta 

0 

1 

.0 

1.0 

0 

.6 

Pyrola  uniflora 

0 

1 

.0 

1.0 

.0 

.4 

Ranunculus  uncinatus 

2 

1 

1.0 

1.5 

1.2 

.6 

Ribes  lacustre 

1 

5 

.1 

1.8 

.1 

.9 

Rubus  idaeus 

0 

1 

.0 

1.0 

.0 

.6 

Rubus  parviflorus 

0 

2 

.0 

2.5 

.0 

1.5 

Salix  scouleriana 

0 

1 

.0 

15.0 

.0 

8.8 

Senecio  canus 

3 

3 

.1 

1.4 

.2 

.7 

Senecio  integerrimus 

5 

2 

.2 

2.8 

.6 

1.3 

Senecio  triangularis 

0 

4 

.0 

10.3 

.0 

5.4 

Sitanion  hystrix 

0 

1 

.0 

2.0 

.0 

1.2 

Smilacina  racemosa 

1 

3 

.1 

.8 

.1 

.4 

Sorbus  sitchensis 

0 

2 

.0 

2.0 

.0 

.9 

Stipa  richardsonii 

2 

4 

2.4 

9.0 

4.2 

4.4 

Tiarella  trifoliata 

1 

2 

.1 

1.7 

.2 

1.1 

Trisetum  spicatum 

0 

1 

.0 

2.0 

.0 

1.2 

Urtica  dioica 

1 

1 

.3 

2.5 

.4 

1.4 

Valeriana  sitchensis 

0 

2 

.0 

1.0 

.0 

.7 

Vaccinium  globulare 

3 

4 

.3 

14.3 

2.9 

9.7 

Vaccinium  scoparium 

5 

4 

.5 

7.8 

1.7 

4.4 

Veratrum  viride 

1 

1 

.1 

2.0 

7.7 

1.4 

Viola  glabella 

0 

2 

.0 

2.5 

.0 

1.1 

Viola  orbiculata 

2 

6 

.1 

4.5 

1.5 

2.2 
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The  condition  ot  campsites  was  examined  in  the  Bob  Marshall  Wilderness, 
Montana.  The  amount  of  change  that  has  occurred  on  these  sites  was  in- 
ferred by  comparing  campsites  with  comparable  control  sites.  Trampling 
disturbance— loss  of  vegetation,  exposure  of  mineral  soil,  and  compaction  of 
the  soil— was  generally  comparable  to  that  found  in  other  backcountry  areas. 
Campsites  were  unusually  large,  however,  and  tree  damage  was  severe.  Such 
impacts  were  particularly  pronounced  on  sites  used  by  outfitters  and  large 
parties  with  stock.  Actions  for  reducing  damage  are  suggested. 
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The  Intermountain  Station,  headquartered  in  Ogden, 
Utah,  is  one  of  eight  regional  experiment  stations  charged 
with    providing    scientific    knowledge    to    help    resource  . 
managers  meet  human  needs  and  protect  forest  and  range 
ecosystems.    , 

The  Intermountain  Station  includes  the  States  of 
Montana,  Idaho,  Utah,  Nevada,  and  western  Wyoming. 
About  23 1  million  acres,  or  85  percent,  of  the  land  area  in  the 
Station  territory  are  classified  as  forest  and  rangeland.  These 
lands  include  grasslands,  deserts,  shrublands,  alpine  areas, 
and  well-stocked  forests.  They  supply  fiber  for  forest  in- 
dustries; minerals  for  energy  and  industrial  development;  and 
water  for  domestic  and  industrial  consumption.  They  also 
provide  recreation  opportunities  for  millions  of  visitors  each 
year. 

Field  programs  and  research  work  units  of  the  Station 
are  maintained  in: 

Boise,  Idaho 

Bozeman,  Montana  (in  cooperation  with  Montana 
State  Universitv) 

Logan,    Utah   (in   cooperation    with    Utah    State 
University)  ■    . 

Missoula,    Montana    (in    cooperatioh    with    the 
University  of  Montana) 

Moscow,  Idaho  (in  cooperation  with  the  Univer- 
sity of  Idaho) 

Provo,  Utah  (in  cooperation  with  Bngham  Young 
University) 

Reno,  Nevada  (in  cooperation  with  the  University 
of  Nevada) 
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